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RÉSUMÉ 
Le cannabis produit de nombreux effets psychologiques et physiologiques sur le corps 
humain. Les molécules contenues dans cette plante, désignées comme « phytocannabinoïdes », 
activent un système endogène qu’on appelle le système endocannabinoïde (eCB). Les effets de 
la consommation de cannabis sur la vision ont déjà été décrits sans cependant de formulation 
sur les mécanismes sous-jacents. Ces résultats comportementaux suggèrent, malgré tout, la 
présence de ce système eCB dans le système visuel, et particulièrement dans la rétine. Cette 
thèse vise donc à caractériser l’expression, la localisation et le rôle du système eCB dans la 
rétine du singe vervet, une espèce animale ayant un système visuel semblable à celui de 
l’humain. Nous avons mis au point un protocole expérimental d’immunohistochimie décrit 
dans l’article apparaissant dans l’Annexe I que nous avons utilisé pour répondre à notre 
objectif principal. Dans une première série de quatre articles, nous avons ainsi caractérisé 
l’expression et la localisation de deux récepteurs eCBs reconnus, les récepteurs cannabinoïdes 
de type 1 (CB1R) et de type 2 (CB2R), et d’un 3e présumé récepteur aux cannabinoïdes, le 
récepteur GPR55. Dans l’article 1, nous avons démontré que CB1R et une enzyme clé de ce 
système, la fatty acid amide hydrolase (FAAH), sont exprimés dans les parties centrale et 
périphérique de la rétine, et abondamment présents dans la fovéa, une région où l’acuité 
visuelle est maximale. Dans l’article 2, nous avons localisé le CB2R dans des cellules gliales 
de la rétine : les cellules de Müller et nous avons proposé un modèle sur l’action de cette 
protéine dans la fonction rétinienne faisant appel à une cascade chimique impliquant les 
canaux potassiques. Dans l’article 3, nous avons observé le GPR55 exclusivement dans les 
bâtonnets qui sont responsables de la vision scotopique et nous avons soumis un deuxième 
modèle de fonctionnement de ce récepteur par le biais d'une modulation des canaux calciques 
et sodiques des bâtonnets. Vu que ces 3 récepteurs se retrouvent dans des cellules distinctes, 
nous avons suggéré leur rôle primordial dans l’analyse de l’information visuelle au niveau 
rétinien. Dans l’article 4, nous avons effectué une analyse comparative de l’expression du 
système eCB dans la rétine de souris, de toupayes (petits mammifères insectivores qui sont 
sont considérés comme l’étape intermédiaire entre les rongeurs et les primates) et de deux 
espèces de singe (le vervet et le rhésus). Ces résultats nous ont menés à présenter une 
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hypothèse évolutionniste quant à l’apparition et à la fonction précise de ces récepteurs. Dans 
les articles subséquents, nous avons confirmé notre hypothèse sur le rôle spécifique de ces 
trois récepteurs par l’utilisation de l’électrorétinographie (ERG) après injection intravitréenne 
d’agonistes et d’antagonistes de ces récepteurs. Nous avons conclu sur leur influence 
indéniable dans le processus visuel rétinien chez le primate. Dans l’article 5, nous avons établi 
le protocole d’enregistrement ERG normalisé sur le singe vervet, et nous avons produit un 
atlas d’ondes ERG spécifique à cette espèce, selon les règles de l’International Society for 
Clinical Electrophysiology of Vision (ISCEV). Les patrons électrorétinographiques se sont 
avérés semblables à ceux de l’humain et ont confirmé la similarité entre ces deux espèces. 
Dans l’article 6, nous avons démontré que le blocage de CB1R ou CB2R entraine une 
modification de l’électrorétinogramme, tant au niveau photopique que scotopique, ce qui 
supporte l’implication de ces récepteurs dans la modulation des ondes de l’ERG. Finalement, 
dans l’article 7, nous avons confirmé le modèle neurochimique proposé dans l’article 3 pour 
expliquer le rôle fonctionnel de GPR55, en montrant que l’activation ou le blocage de ce 
récepteur, respectivement par un agoniste (lysophosphatidylglucoside, LPG) ou un antagoniste 
(CID16020046), entraine soit une augmentation ou une baisse significative de l’ERG 
scotopique seulement. Ces données, prises ensemble, démontrent que les récepteurs CB1R, 
CB2R et GPR55 sont exprimés dans des types cellulaires bien distincts de la rétine du singe et 
ont chacun un rôle spécifique. L’importance de notre travail se manifeste aussi par des 
applications cliniques en permettant le développement de cibles pharmacologiques potentielles 
dans le traitement des maladies de la rétine. 
 
Mots-clés : Rétine, récepteurs cannabinoïdes, immunohistochimie, singes, toupayes, rongeurs, 
électrorétinogramme. 
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ABSTRACT 
Cannabis produces a range of psychological and physiological effects on the human 
body. Cannabinoids are the chemical compounds found in cannabis that activate an 
endogenous system, termed the endocannabinoid (eCB) system. Reports made in the 1970s 
have noted that cannabis consumption affects vision. It is therefore suggested that the eCB 
system is present in the visual system, particularly in the retina. This thesis aims at 
characterizing the expression, localization, and role of the eCB system in the vervet monkey 
retina. This animal model has a similar visual system as humans. Using 
immunohistochemistry methods presented in the article of Annexe I, we have established an 
experimental protocol to answer our goal. In the first series of four articles, we have 
characterized the expression and localization of the cannabinoid receptor 1 (CB1R), 
cannabinoid receptor 2 (CB2R), and the putative cannabinoid receptor GPR55. In Article 1, 
we have demonstrated that CB1R and a key enzyme of this system, FAAH (fatty acid amide 
hydrolase), are expressed in the central and peripheral retina, but heavily present in the fovea, 
the retinal region responsible for high acuity vision. In Article 2, we have localized CB2R in 
the glial Müller cells and hypothesized a possible mechanism of action of CB2R involving 
potassium buffering. In Article 3, we found that GPR55 is exclusively expressed in rods and 
have proposed its role through the modulation of calcium and sodium channels in rods. Given 
that these three receptors are segregated in the vervet monkey retina, we suggested that they 
might have distinct roles in retinal physiology. In Article 4, we reported a comparative 
analysis of the expression of the eCB system components in the retina of rodents, tree shrews 
(small mammals considered as early primates), and monkeys. This paper provides evidence 
that the eCB system is differently expressed in the retina of these mammals and suggests a 
distinctive role of eCBs in visual processing. In the subsequent series of three articles, we 
confirmed their suggested roles in the retina by using electroretinography (ERG) and 
intravitreal injections of agonist and antagonist of these receptors. We concluded that they 
indeed play important roles in the retina. In Article 5, we developed a standard protocol for 
ERG testing in our animal model and have published an ERG atlas with normalized 
amplitudes and latency values similar to that of humans, following the guidelines of the 
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International Society for Clinical Electrophysiology of Vision. In Article 6, we showed that 
blockade of CB1R or CB2R with specific antagonists modifies the ERG, both in photopic and 
scotopic conditions, which confirms the implication of these receptors in normal retinal 
function. Finally, in Article 7 (expression of GPR55 in rods only), we confirmed the suggest 
role of GPR55 in rods by showing that activation or blockade of GPR55 with a specific 
agonist (lysophosphatidylglucoside) or antagonist (CID16020046) increases or decreases the 
amplitude of the scotopic ERG waveforms. Taken together, these articles demonstrate that 
CB1R, CB2R, and GPR55 are differentially expressed in the vervet monkey retina and have 
distinct roles. This work has also clinical relevance in the way that we have discovered new 
pharmacological targets that can be used for treatment of many retinal diseases. 
 
Keywords: Retina, cannabinoid receptor, immunohistochemistry, monkey, tree shrews, 
rodents, electroretinogram. 
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I. INTRODUCTION 
Le cannabis est une drogue dont l’usage est très répandu dans le monde. Aussi appelé 
marijuana, c’est un produit naturel dérivé de la plante Cannabis sativa. Elle est constituée de 
plusieurs molécules que l’on appelle phytocannabinoïdes, principalement le 
tétrahydrocannabinol (THC) et le cannabidiol (CBD) (Fattore, 2015). Les cannabinoïdes se 
lient à des récepteurs spécifiques qui se retrouvent à travers tout l’organisme, particulièrement 
le récepteur cannabinoïde de type 1 (CB1R) et le récepteur cannabinoïde de type 2 (CB2R) 
(Di Marzo, 2014). Évidemment, ces récepteurs ne sont pas présents dans le corps uniquement 
pour répondre à cette plante et produire des effets psychotropes. Les récepteurs cannabinoïdes 
répondent à des ligands endogènes qui se retrouvent naturellement dans l’organisme, les 
endocannabinoïdes (eCBs), notamment l’anandamide (AEA) et le 2-arachidonoyl glycérol (2-
AG). L’activité au niveau de la cellule de ces eCBs est régulée par plusieurs enzymes, 
essentiellement la N-acylphosphatidyléthanolamine phospholipase D (NAPE-PLD), la 
diacylglycérol lipase (DAGL), la fatty acid amide hydrolase (FAAH), la monoacylglycérol 
lipase (MGL) et la cyclooxygénase-2 (COX-2) (Piomelli, 2003). Pris ensemble, les récepteurs 
cannabinoïdes, les ligands et les enzymes forment le système eCB. Ce système est présent 
dans tout le corps et est impliqué dans plusieurs processus physiologiques et 
physiopathologiques, mais son rôle principal chez l’adulte est la modulation de la 
neurotransmission. En effet, comme le CB1R se retrouve dans les neurones présynaptiques, il 
permet de réguler la transmission synaptique en modulant la relâche de plusieurs 
neurotransmetteurs tels que l’acide gamma-aminobutyrique (GABA), le glutamate et la 
dopamine (Piomelli, 2003). Par exemple, en temps normal, la stimulation d’un neurone 
glutamatergique va entrainer une libération de glutamate, et ainsi, induire un afflux 
postsynaptique du calcium par les récepteurs N-méthyl-D-aspartate (NMDA). Le processus de 
renforcement synaptique (augmentation d’amplitude de la réponse postsynaptique à la suite 
d’une activation intense de la synapse) est donc activé par cette augmentation du calcium dans 
le neurone postsynaptique. Par la suite, grâce à la stimulation des récepteurs métabotropiques 
du glutamate situés dans le neurone postsynaptique, les eCBs sont produits (De Petrocellis et 
coll., 2004). L’activation du CB1R présynaptique permet alors de diminuer la libération de 
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glutamate et éviter un afflux postsynaptique excessif de calcium. Certains phytocannabinoïdes 
contenus dans la plante Cannabis sativa se lient aux récepteurs cannabinoïdes et perturbent la 
libération de certains neurotransmetteurs normalement régulée par les eCBs (Mechoulam et 
coll., 2014). La plupart des études, à ce jour, se sont concentrées sur le rôle de ce système dans 
le SNC. Quelques évidences dans la littérature scientifique laissent présager que le système 
eCB est impliqué dans la fonction visuelle, particulièrement dans la fonction de la rétine. Ces 
études ont cependant été réalisées chez quelques espèces, notamment les rongeurs, le poisson 
rouge et la salamandre (Yazulla, 2008). 
L’être humain est entouré de lumière. Que ce soit une lumière naturelle, comme celle 
du soleil ou des étoiles, ou bien une lumière artificielle, comme celle des ampoules ou des 
appareils électroniques, c’est au niveau de la rétine que commence le premier traitement de 
l’information visuelle. La lumière de notre environnement pénètre dans l’œil, passe à travers 
la cornée, l’humeur aqueuse, le cristallin et le vitré pour atteindre la rétine, l’organe sensoriel 
responsable de la conversion de la lumière en signaux électriques. Cette mince couche 
d’environ 0,5 mm d’épaisseur tapisse le fond d’œil. Elle est composée de plusieurs couches de 
neurones interconnectés par des synapses, mais ce sont principalement les photorécepteurs qui 
sont sensibles à la lumière. Il existe principalement deux types de photorécepteurs : les cônes 
et les bâtonnets (Kandel et coll., 2013). Les bâtonnets, surtout présents dans la rétine 
périphérique, sont impliqués dans la vision crépusculaire et ne sont pas sensibles à la couleur. 
Les cônes, quant à eux, sont localisés surtout dans la région centrale (fovéa) de la rétine, sont 
responsables de la vision diurne et sont sensibles aux différentes longueurs d’onde du spectre 
lumineux. Il existe aussi un troisième type de photorécepteurs beaucoup plus rare qu’on 
appelle les cellules ganglionnaires intrinsèquement photosensibles (Hattar et coll., 2002). Ces 
derniers seraient importants dans la régulation des rythmes circadiens (signaux physiologiques 
favorisant l’éveil et le sommeil à des moments précis de la journée). Les signaux neuronaux 
issus des cônes et des bâtonnets subissent ensuite un traitement par les autres composantes 
cellulaires de la mosaïque rétinienne. La résultante est un signal qui prend la forme de 
potentiels d’action dans les axones des cellules ganglionnaires qui forment le nerf optique. Ces 
derniers sont ensuite acheminés vers les centres supérieurs du cerveau pour le traitement 
nécessaire à la perception (Purves et coll., 2005). Plusieurs caractéristiques importantes de la 
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perception visuelle dépendent du traitement de l’information qui commence au niveau rétinien 
et qui dépendrait de l’action modulatrice d’un groupe de récepteurs qui font partie du système 
eCB dont on connait encore peu de choses. 
Cette thèse se concentre donc sur l’expression, la localisation et le rôle du système eCB 
dans la rétine du singe. Les aspects fondamentaux de l’anatomie et la physiologie de la rétine 
sont d’abord présentés avec une emphase chez les primates. Par la suite, une revue de 
littérature est exposée sur (1) la distribution des récepteurs cannabinoïdes, des eCBs et des 
enzymes régulant l’activité des eCBs et (2) le rôle de ce système dans la neurotransmission, 
particulièrement au niveau du système visuel. Enfin, la raison pour laquelle le singe vervet a 
été choisi comme modèle animal dans le cadre de cette thèse sera soulignée. 
1. La rétine 
L’œil est l'organe de la vision, le sens qui va permettre à tous les êtres vivants de capter 
la lumière pour ensuite l’analyser, l’interpréter et interagir avec son environnement. C’est cette 
structure qui va s’occuper de décomposer les informations lumineuses en signaux électriques. 
La rétine est formée à partir de l’excroissance du diencéphale durant le développement du 
fœtus. C’est donc une extension directe du système nerveux central (SNC). Ainsi, comme la 
rétine fait partie intégrante du SNC, elle comporte des circuits nerveux complexes. La lumière 
passe à travers plusieurs structures de l’œil ainsi qu’à travers les différentes couches de la 
rétine, avant d’atteindre les photorécepteurs. La Figure 1 illustre comment la lumière doit 
traverser les six couches de la rétine afin d’intégrer le signal lumineux. Ce sont les 
photorécepteurs, maintenus par les nutriments de l’épithélium pigmentaire et des vaisseaux de 
la choroïde, qui absorbent la lumière. Ces cellules sensibles à la lumière convertissent ensuite 
la lumière en influx nerveux en passant par les cellules horizontales, bipolaires et amacrines. 
Enfin, l’influx est acheminé aux cellules ganglionnaires qui assurent la sortie de l’information 
par le nerf optique. 
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Figure 1. L’œil et les différentes couches de la rétine. 
Modifiée de Clinical Ocular Toxicology, Fraunfelder et coll., 2008 
1.1 Anatomie de la rétine 
La rétine est composée de plusieurs types de cellules neuronales : les photorécepteurs, 
les cellules horizontales, les cellules bipolaires, les cellules amacrines et les cellules 
ganglionnaires. Il existe aussi 3 types de cellules gliales dans la rétine : les cellules de Müller, 
les astrocytes et les cellules microgliales. Toutes ces cellules neuronales et gliales sont 
organisées en mosaïque pour permettre d’assurer une information uniforme du champ visuel 
(Masland, 2001). La forme générale que peuvent prendre ces différentes cellules est illustrée 
dans la Figure 2 et est décrite dans les paragraphes qui suivent. De prime abord, il est 
important de clarifier les termes suivants : la rétine interne et la rétine externe. Dans une coupe 
transversale de la rétine, la rétine externe correspond au côté des photorécepteurs et la rétine 
interne du côté des cellules ganglionnaires. 
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Figure 2. Les populations neuronales principales de la rétine des mammifères. 
Tirée de Masland, 2001 
1.1.1 Photorécepteurs 
Les photorécepteurs de la rétine, les cônes et les bâtonnets, se différencient par de 
nombreuses caractéristiques anatomiques. Comme leurs noms l’indiquent, les cônes ont une 
forme conique et les bâtonnets une forme cylindrique. La rétine de la plupart des mammifères 
comporte 2 types de cônes, tandis que la rétine des primates humains et non humains en 
possède 3. Les cônes « S », responsables du traitement de l’information des longueurs d’onde 
courtes, les cônes « M », pour les longueurs d’onde moyennes, et les cônes « L », pour les 
longueurs d’onde longues. Il existe 126 millions de bâtonnets surtout en périphérie de la rétine 
et 6.5 millions de cônes surtout en région centrale (Osterberg, 1935). La Figure 3 illustre la 
distribution des cônes versus celle des bâtonnets. 
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Figure 3. Distribution des cônes et des bâtonnets dans la rétine. 
Tirée de Neurosciences, Purves et coll., 2005. 
1.1.2 Cellules horizontales 
Les cellules horizontales reçoivent de l’information des photorécepteurs et la 
transmettent à plusieurs cellules environnantes. Il existe principalement deux types de cellules 
horizontales, les H1 et les H2. Les cellules H1 sont liées aux cônes par leurs dendrites et aux 
bâtonnets par leurs branchements axonaux. La raison pour laquelle ce sous-type de cellules se 
lie directement aux bâtonnets est que, d’un point de vue évolutionniste, les bâtonnets sont 
apparus bien après les cônes (Okano et coll., 1992; Johnson et coll., 1993). Les cellules H2 
sont liées aux cônes uniquement par l’intermédiaire de leur arbre dendritique et d’un petit 
axone. Le rôle des cellules horizontales est de réguler l’information de la rétine en émettant un 
signal de nature opposée à celui qui est reçu, c’est le phénomène d’inhibition latérale (Wässle, 
2004). 
1.1.3 Cellules bipolaires 
Les cellules bipolaires reçoivent les signaux électriques des photorécepteurs et font 
synapse avec les cellules amacrines et ganglionnaires. Les cellules bipolaires liées aux 
bâtonnets ne reçoivent que l’information provenant de bâtonnets et font synapse sur les 
cellules amacrines AII, qui font à leur tour contact avec les cellules bipolaires liées aux cônes, 
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et enfin rejoindre les cellules ganglionnaires (Masland, 2001). La raison pour laquelle 
l’information des bâtonnets prend ce long chemin est que l’apparition des bâtonnets est 
survenue plus tard au cours de l’évolution (Johnson et coll., 1993; Masland, 2001; Okano et 
coll., 1992). En se basant sur des études sur les propriétés électrophysiologiques des cellules 
bipolaires, il est possible de classer ces cellules en 3 grands types : 1) les cellules bipolaires 
liées aux bâtonnets, 2) les cellules bipolaires liées aux cônes et 3) les cellules bipolaires mixtes 
(cônes/bâtonnets). Chacune de ces cellules comporte un patron de réponses à la lumière 
spécifique. Elles se projettent dans la rétine interne où leur axone respectif fait synapse dans 
différentes régions bien ségrégées (couches) de la couche plexiforme interne (IPL). Les 
cellules bipolaires qui se projettent dans les strates 1-2 sont des cellules bipolaires 
hyperpolarisantes (HBCs) et celles dans les strates 2-5 sont des cellules bipolaires 
dépolarisantes (DBCs) (Besharse et Bok, 2011). Comme illustrée dans la Figure 4, il existe 10 
différentes cellules bipolaires ayant une morphologie bien distincte. De plus, il est possible de 
diviser chez plusieurs espèces l’IPL en 2 couches (une région OFF et une région ON) et 
seulement chez la souris, en 5 couches (Dowling, 2012). 
 
Figure 4. Schéma des différentes cellules bipolaires chez la souris, le rat et le singe. 
Tirée de The Retina and its Disorders, Besharse et Bok, 2011. Abréviations : OPL, couche 
plexiforme externe; INL, couche nucléaire interne; IPL, couche plexiforme interne; GCL, 
couche des cellules ganglionnaires; RB, cellule bipolaire liée aux bâtonnets. 
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1.1.4 Cellules amacrines 
Les cellules amacrines sont des interneurones de la rétine. Ce sont des neurones 
inhibiteurs qui projettent leur arborisation dendritique dans l’IPL, et interagissent avec les 
cellules ganglionnaires et les cellules bipolaires (Wässle, 2004). Il existe plus de 33 différents 
types de cellules amacrines classées selon leur morphologie et stratification de leurs dendrites 
(Masland, 2001). Comme les cellules horizontales, les cellules amacrines interviennent dans 
l’inhibition latérale afin d’augmenter l’acuité du signal visuel (Wässle, 2004). 
1.1.5 Cellules ganglionnaires 
Les cellules ganglionnaires sont le dernier point du traitement de l’information 
neuronale rétinienne. Il existe entre 10 et 15 différents types de cellules ganglionnaires classés 
selon leurs morphologies (Masland, 2001). Les cellules ganglionnaires permettent de recueillir 
les informations du monde visuel à partir de cellules bipolaires et des interneurones (cellules 
horizontales et amacrines). L’information à ce niveau se présente sous la forme de messagers 
chimiques détectés par les photorécepteurs sur la membrane des cellules ganglionnaires. 
1.1.6 Cellules gliales 
Il existe trois grands types de cellules gliales dans la rétine : les cellules de Müller, les 
astrocytes et les cellules microgliales. Ces cellules gliales ont déjà été décrites dans la rétine il 
y a plus d’une centaine d’années (Sarthy et Ripps, 2006). Les cellules de Müller représentent 
le type de cellules gliales principales dans la rétine. Ces cellules s’étendent de façon radiale à 
partir des axones de cellules ganglionnaires jusqu’au niveau des photorécepteurs. Elles offrent 
ainsi un support structural à tous les neurones rétiniens. De plus, leurs prolongements 
cellulaires entourent les corps cellulaires des cellules horizontales, bipolaires et amacrines, 
pour maximiser le nombre de contacts entre elles (Bringmann et coll., 2006). Comme les 
cellules comportent l’enzyme GS (glutamine synthétase) qui transforme l’excédent de 
glutamate en glutamine, elles sont aussi impliquées dans la régulation de la voie verticale 
glutamatergique (Sarthy et Ripps, 2006). 
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1.2 Physiologie de la rétine 
L’absorption d’un photon de lumière par le pigment photosensible situé dans les 
disques membranaires des photorécepteurs induit une cascade d’évènements qui est référée 
par le terme « mécanisme de phototransduction » (Purves et coll.., 2005). Cette cascade a été 
étudiée exhaustivement pour les bâtonnets dont le mécanisme est illustré ici; un mécanisme 
similaire est aussi en jeux dans les cônes. Dans les segments externes des bâtonnets, 
l’absorption de photons lumineux par la rhodopsine, le pigment protéique photosensible 
présent dans les bâtonnets, induit une séquence d’évènements biochimiques qui mène 
finalement à une baisse des niveaux intracellulaires de la guanosine monophosphate cyclique 
(cGMP) et la fermeture des canaux ioniques sensibles à la cGMP dans les segments externes. 
Cette fermeture des canaux diminue l’entrée de cations dans les segments externes, ce qui 
entraine une hyperpolarisation de la membrane et une baisse de la libération de glutamate dans 
la fente synaptique (Kandel et coll., 2013). Ces étapes se déroulent aussi dans les cônes, mais 
avec les photopigments propres aux cônes, l’opsine S (short, longueur d’onde courte, ce qui 
correspond au bleu), l’opsine M (medium, longueur d’onde moyenne, ce qui correspond au 
vert) ou l’opsine L (long, longueur d’onde longue, ce qui correspond au rouge) (Purves et 
coll., 2005). 
1.2.1 Voie des cônes 
Les cônes répondent à la lumière avec une hyperpolarisation membranaire sous forme 
de potentiels gradués. La voie des cônes est un circuit où chaque cône est branché sur deux 
cellules bipolaires au niveau de la couche plexiforme externe (OPL) et sur deux cellules 
ganglionnaires dans la couche plexiforme interne (IPL) (Besharse et Bok, 2011). Le jeu de 
synapses excitatrices et inhibitrices permet à l’hyperpolarisation (lumière transformée en 
signal ionique dans les photorécepteurs) initiale de stimuler de façon complémentaire deux 
fibres chargées de véhiculer le même message, une fibre qui décharge « ON » (voie illustrée 
en vert dans la Figure 5) et l’autre « OFF » qui arrête son activité spontanée (voie illustrée en 
rouge dans la Figure 5). Il y a donc une ségrégation de la voie des cônes dans la rétine. La 
libération de glutamate dans la fente synaptique (cônes/cellules bipolaires) est modulée par le 
changement du potentiel de membrane dans les segments externes (OS) des photorécepteurs. 
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Les cellules bipolaires ON produisent une entrée excitatrice aux cellules amacrines et 
ganglionnaires et transmettent le signal à l’aide d’une dépolarisation graduée (un potentiel est 
dit « gradué » lorsqu’il est proportionnel à l’intensité du stimulus détecté à l’opposé du 
potentiel d’action) avec changement de signe (Besharse et Bok, 2011). Les cellules bipolaires 
OFF produisent une entrée inhibitrice aux cellules amacrines et aux cellules ganglionnaires. 
Elles transmettent ainsi le signal à l’aide d’une hyperpolarisation graduée avec conservation de 
signe. Les cônes communiquent aussi latéralement avec d’autres cônes (et bâtonnets) via des 
liaisons électriques qu’on appelle jonctions GAP (GJ). La communication latérale est aussi 
produite par les cellules horizontales dans la couche plexiforme externe (OPL) et par les 
cellules amacrines dans la couche plexiforme interne (IPL). 
 
Figure 5. Circuit rétinien de la voie des cônes. 
Tirée de The Retina and its Disorders, Besharse et Bok, 2011. Abréviations : OS, 
segment externe; ONL, couche nucléaire externe; OPL, couche plexiforme externe; INL, 
couche nucléaire interne; IPL, couche plexiforme interne; GCL, couche des cellules 
ganglionnaires; GJ, jonction gap. 
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1.2.2 Voies des bâtonnets 
La voie des bâtonnets est un circuit qui comporte quatre connexions synaptiques avec 
deux points de forte convergence : de 20 à 50 bâtonnets convergent sur chaque cellule 
bipolaire de bâtonnets et de 20 à 25 cellules bipolaires de bâtonnets convergent vers chaque 
cellule amacrine (Masland, 2001). Au total, les signaux provenant d’au moins un millier de 
bâtonnets convergent sur une seule cellule ganglionnaire. Les bâtonnets peuvent répondre à la 
stimulation d’un seul photon alors qu’il en faut au moins une centaine pour obtenir une 
réponse d’un cône (Wässle, 2004). Cette organisation augmente considérablement l’amplitude 
du signal et assure une bonne sensibilité en faible lumière (Figure 6). 
 
Figure 6. Circuits rétiniens de la voie des bâtonnets. 
Tirée de The Retina and its Disorders, Besharse et Bok, 2011. Abréviations : OS, segment 
externe; ONL, couche nucléaire externe; OPL, couche plexiforme externe; INL, couche 
nucléaire interne; IPL, couche plexiforme interne; GCL, couche des cellules ganglionnaires; 
GJ, jonction gap. 
 
 Dans la voie primaire des bâtonnets (panneau de gauche), les bâtonnets font synapse 
avec des cellules bipolaires ON liées aux bâtonnets qui sont connectées à des cellules 
amacrines AII dans la couche plexiforme interne (voie illustrée en jaune dans le panneau de 
gauche de la Figure 6) (Besharse et Bok, 2011). Le signal des cellules amacrine AII s’infiltre 
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dans la voie des cônes en excitant les cellules bipolaires ON liées aux cônes via des jonctions 
électriques gap (voie illustrée en vert dans le panneau de gauche de la Figure 6) et via des 
synapses glycinergiques (avec changements de signe) en passant par des cellules bipolaires 
OFF liées aux cônes (voie illustrée en rouge dans le panneau de gauche de la Figure 6). 
 Dans la voie secondaire des bâtonnets (panneau du milieu), les jonctions gap se font 
entre bâtonnets et cônes plus précisément dans les sphérules de bâtonnets et les pédicules de 
cônes situés dans la couche plexiforme externe. Grâce à cette jonction gap bâtonnets/cônes, le 
signal des bâtonnets peut emprunter les cellules bipolaires ON et OFF liées aux cônes et donc 
aux cellules ganglionnaires ON et OFF (voie illustrée en vert et en rouge, respectivement). 
 Dans la voie des bâtonnets tertiaire (panneau de droit), le bâtonnet fait synapse 
directement avec une cellule bipolaire OFF liée aux cônes en « court-circuitant » la cellule 
bipolaire ON liées aux bâtonnets (voie illustrée en en rouge dans le panneau de droit dans la 
Figure 6). 
1.3 Anatomie comparée de la rétine 
L’œil est un système sensoriel utilisé dans l’ensemble du règne animal. Les positions 
relatives des liaisons entre ces couches varient entre les espèces. Certains oiseaux, comme le 
faucon, possèdent une meilleure acuité visuelle que celle de l’humain (Fox et coll., 1976; 
Reymond, 1987) et certaines autres espèces, comme les squilles et le poisson-clown, 
possèdent même une meilleure vision des couleurs que celle de l’humain (Marshall et 
Oberwinkler, 1999; Sabbah et coll., 2010. Dans cette thèse, 3 espèces animales ont été 
étudiées, soient la souris, le toupaye, le singe vervet et le singe macaque; les souris étant au 
bas de l’échelle animale; le toupaye entre les souris et les primates; et les primates se situant le 
plus proche de l’homme. Les souris possèdent une rétine qui est largement dominée par les 
bâtonnets, et de ce fait, spécialisée pour la vision scotopique (Jeon et coll., 1998) et une basse 
résolution spatiale (Prusky et Douglas, 2004). Les toupayes ont une rétine largement dominée 
par les cônes (Müller et Peichl, 1993). Tant les souris que les toupayes ne détiennent pas une 
fovéa responsable de la haute acuité visuelle. Ce n’est que les primates humains et non-
humains qui ont une région fovéale de haute densité en cônes qui décroit en chiffres avec 
l’eccentricité (Osterberg, 1935; Herbin et coll., 1997). 
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1.4 Le cerveau visuel 
Les axones des cellules ganglionnaires des primates se projettent principalement dans 
le corps genouillé latéral dorsal (CGLd). En effet, chez les primates, ce sont 90% des fibres 
qui atteignent le CGLd, tandis que chez les rongeurs ce n’est seulement que 10%, car la 
majorité des fibres atteignent principalement le collicule supérieur (Purves et coll., 2005). En 
fait, la rétine projette aussi à un vaste ensemble de structures sous-corticales dont les fonctions 
ne sont pas encore connues (Matteau et coll., 2003). Chez le singe, l’organisation du CGLd est 
semblable à l’humain, ce qui en fait un modèle de choix pour étudier la vision de l’humain 
(voir section Choix du modèle animal : le singe vervet de St Kitts). À partir du CGLd, les 
fibres se dirigent vers le cortex visuel primaire (Kandel et coll., 2013). 
2. L’électrorétinogramme 
L’électrorétinographie (ERG) est un examen d’électrophysiologie non invasif qui 
permet d’évaluer la fonction rétinienne (des cônes et des bâtonnets) en clinique et en 
laboratoire de façon objective. Il est généralement admis que l’anatomie et la physiologie de 
l’œil du singe sont très similaires à celles de l’homme, ce qui rend le choix de ce primate non 
humain comme modèle animal pour l’évaluation des effets oculaires très judicieux 
(Fraunfelder et coll., 2008). Comme les aspects techniques et procéduraux du protocole 
humain ont bien été standardisés (« Standard for clinical electroretinography (SCE) »), 
l’électrorétinogramme (ERG) peut être utilisé de routine pour étudier la toxicité rétinienne 
(neurotoxicité potentielle globale de drogues spécifiques chez les primates) et la fonction 
rétinienne. Il est ainsi possible de récolter une panoplie de données selon la méthode standard 
SCE. C’est une technique non invasive, sans douleur et sans dommages ni effets indésirables 
pour l’œil. Plusieurs travaux évaluant la toxicité oculaire de certaines drogues ont utilisé 
l’ERG chez le singe dans un laboratoire de recherche et il existe un protocole d’ERG standard 
pour étudier la fonction rétinienne normale et la toxicologie chez le primate non humain (Bee, 
2001). Cette méthode permet aussi de séparer la fonction du système des bâtonnets de la 
fonction du système des cônes. Si un flash de faible intensité est envoyé vers une rétine 
adaptée à la noirceur, le système des bâtonnets sera activé. Si un flash est envoyé vers une 
rétine adaptée à la lumière, le système des cônes sera activé. Lorsque des flashs assez forts 
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sont envoyés vers la rétine, le tracé ERG comprend une onde a (déflexion négative initiale) 
suivi d’une onde b (déflexion positive). Un protocole expérimental a été mis au point et utilisé 
dans le cadre des expériences réalisées dans cette thèse. 
 
Figure 7. Montage expérimental pour l’enregistrement ERG chez le singe. 
En (A) est illustré le ganzfeld qui permet de produire une stimulation en champ total et en (B) 
l’appareil ERG (UTAS-E3000) relié à un ordinateur. 
Selon le montage expérimental utilisé dans le cadre de cette thèse, les ondes 
électrorétinographiques des deux yeux ont été enregistrées. La Figure 7 représente le montage 
expérimental mis en place dans les laboratoires du centre de recherche de l’ile de St Kitts. En 
ambiance obscure (condition d’adaptation à la noirceur), un flash d’intensité scotopique (de 
faible intensité) n’évoque que la réponse du système scotopique (voie des bâtonnets) et un 
flash d’intensité photopique (de haute intensité) évoque une réponse combinée des deux 
systèmes (voies des cônes et bâtonnets). En ambiance lumineuse (condition d’adaptation à la 
lumière), seul un flash d’intensité photopique (de haute intensité) produit une réponse efficace 
et n’évoque que la réponse du système photopique (voie des cônes) (McCulloch et coll., 
2015). 
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La Figure 8 illustre la relation entre les structures de la rétine (partie du bas de la 
figure) et les composantes principales de la réponse ERG (partie du haut). L’onde a est 
associée à la réponse de la rétine externe (couche des photorécepteurs). L’onde b est associée à 
l’activité des cellules bipolaires dépolarisantes et le courant d’ions des cellules de Müller 
(Frishman, 2013). Les cellules amacrines sont impliquées dans la genèse des potentiels 
oscillatoires situés dans la portion ascendante de l’onde b. L’onde c (situé à la fin du tracé 
ERG de la Figure 8) est une onde lente et variable qui provient des cellules de l’épithélium 
pigmentaire rétinien (Marmor et Hock, 1982). L’onde c est rarement utilisée en clinique, car 
sa fonction est difficile à évaluer. Vu que l’ERG évalue la fonction rétinienne et qu’il est 
possible d’isoler la réponse de certains types cellulaires dans les ondes de l’ERG, cette 
technique a été choisie pour l’étude du rôle fonctionel du système eCB chez le singe. 
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Figure 8. Diagramme reliant les structures de la rétine et les composantes de l’ERG. 
Modifiée de Clinical Ocular Toxicology, Fraunfelder et coll., 2008 
2.1 Onde a 
La première partie de l’onde a représente l’activité des photorécepteurs, tandis que la 
dernière partie de celle-ci représente l’activité de plusieurs cellules, notamment les 
photorécepteurs, les cellules bipolaires, les cellules amacrines et les cellules de Müller. En fait, 
elle est générée par les cônes, ou par l’ensemble de cônes et bâtonnets (Robson et coll., 2003). 
L’activation des photorécepteurs par un stimulus lumineux cause une hyperpolarisation de ces 
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cellules en raison de la fermeture des canaux sodiques, ce qui explique la déflexion négative 
de l’onde a (Barraco et coll., 2006). En condition scotopique mixte, l’onde a provient de la 
somme des hyperpolarisations des cônes et des bâtonnets. Le temps de latence de l’onde a 
diminue avec l’intensité des flashs. En condition photopique, l’onde a résulte de l’activation 
des cônes seulement étant donné que les bâtonnets sont saturés (Frishman, 2013). 
2.2 Onde b 
L’onde b est positive et beaucoup plus ample et longue que l’onde a. Elle correspond à 
la dépolarisation des cellules bipolaires (Stockton et Slaughter, 1989), mais les cellules de 
Müller sont également impliquées (Newman et Frishman, 1991). Ces dernières reflètent les 
courants extracellulaires de potassium produit par la dépolarisation des cellules bipolaires. En 
condition scotopique, l’hyperpolarisation des bâtonnets entraine une dépolarisation des 
cellules bipolaires ON liées aux bâtonnets et donc une onde b positive. En condition mixte 
(cônes et bâtonnets), c’est la dépolarisation des cellules bipolaires ON liées aux bâtonnets et 
celles liées aux cônes qui génère l’onde b. Les cellules de Müller contribuent aussi à l’onde b, 
car les besoins en glutamate et les changements en potassium des cellules bipolaires sont 
importants. En condition photopique, l’onde b résulte de l’action concertée de la 
dépolarisation des cellules bipolaires ON liées aux cônes et de l’hyperpolarisation des cellules 
bipolaires OFF des cônes L et M (Rigaudière et Le Gargasson, 2007). Les cellules de Müller 
sont également impliquées dans la genèse de cette onde, car elles servent de réservoir d’ions 
durant l’hyperpolarisation des photorécepteurs et reflètent les changements de concentrations 
de potassium lors de la dépolarisation des cellules bipolaires. 
2.3 Onde i 
L’onde i de l’ERG en champ total (ERG flash) est une composante positive de faible 
voltage qui suit l’onde b en conditions photopique (Nagata, 1963; Lachapelle, 1987; Peachy, 
1989; Murayama et Sieving, 1992). L’onde i a d’abord été présentée comme un produit de la 
réponse OFF suite à un bref flash (Nagata, 1963), mais cette hypothèse a été débattue (Seiple 
et Holopigian, 1994). Plus récemment, l’onde i a été liée à l’onde P50 du p-ERG, une onde 
probablement issue de la réponse des cellules ganglionnaires (Rousseau et coll., 1996). 
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Nonobstant son origine exacte, l’onde i reste controversée. Certains prétendent qu’elle serait 
générée au niveau de la rétine interne (cellules ganglionnaires) (Rosolen et coll., 2004), tandis 
que d’autres suggèrent qu’elle provient de la rétine externe (réponse OFF des cellules 
bipolaires) (Rangaswamy et coll., 2004). Ce dernier point est bien mis en évidence dans des 
études de pathologie oculaire. Par exemple, l’onde i est éliminée lorsqu’on bloque 
spécifiquement la rétine externe (coté des photorécepteurs); lorsqu’on bloque la rétine interne 
(coté des cellules ganglionnaires), l’onde i persiste (Viswanathan et coll., 2001; Rangaswamy 
et coll., 2004). 
2.4 Implications cliniques 
L’électrorétinogramme en champ total (ERG flash) est un bon outil pour diagnostiquer 
plusieurs rétinopathies où la lésion est généralisée. En fait, les ondes électrorétinographiques 
sont modifiées dans plusieurs affections rétiniennes, particulièrement la rétinite pigmentaire, 
l’amaurose congénitale de Leber, la choroïdérémie, le syndrome de Goldman-Favre, la 
rétinoschisis juvénile liée au chromosome X et l’achromatopsie (Kolb et coll., 2011). Toutes 
ces maladies révèlent au niveau des tracés des anormalités marquées. Par exemple, la rétinite 
pigmentaire produit des ondes a et b de faibles amplitudes ou même des amplitudes 
supranormales (réponse du système des cônes) (Young et coll., 2012). La choroïdérémie 
produit des amplitudes des ondes a et b diminuées tant en condition scotopique qu’en 
condition photopique (Vincent et coll., 2013). De plus, les temps de latence de l’onde b 
scotopique et photopique sont augmentés. Plusieurs articles de revue récents font le lien entre 
les affectations de l’œil et les modifications de l’ERG qui en résultent (Young et coll., 2012; 
Vincent et coll., 2013). Pour l’instant, aucune étude ne s’est intéressée à l’état du système eCB 
lors des diverses maladies de la rétine. 
3. Le cannabis et ses constituants naturels (phytocannabinoïdes) 
Le cannabis, marijuana, hachich, joint, shit, chanvre, sont des mots qui se décrivent par 
eux-mêmes. L’état d’euphorie, accompagné d’une tendance au rire facile et peu motivé, 
accompagné d’un sentiment de relaxation, de légèreté et de flottement, est l’effet majeur du 
cannabis. La consommation de cannabis provoque des hallucinations et des perturbations 
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sensorielles augmentant les perceptions visuelles. Les personnes ayant fumé du cannabis ont 
une attention et une concentration diminuées, des modifications de la motricité et de la 
coordination, une difficulté à apprécier la situation environnante gênant la prise de décision et 
les actions rapides (Rafaelsen et coll., 1973). Environ 160 millions de personnes dans le 
monde ont consommé du cannabis au cours de l’année 2005 (United Nations Office on Drugs 
and Crime, 2007). La consommation de cannabis chez les adolescents est très répandue et est 
souvent associée à une consommation à long terme. Justement, une personne sur deux qui 
fume du cannabis plus de cinq fois par jour va continuer d’abuser de cette drogue 10 ans plus 
tard (Perkonigg et coll., 2008). Le cannabis produit donc des effets complexes sur le corps, 
mais le fait que son usage entraine une forte dépendance reste très controversé. D’une part, le 
développement de traitements pharmacologiques est souvent ralenti par l’opinion de la société 
et de la communauté scientifique qui admettent que le cannabis ne produit pas de dépendance. 
D’autre part, certaines études prétendent que le cannabis produit une forte dépendance en 
démontrant que le THC possède des propriétés de renforcement chez les primates non 
humains et que l’abstinence de la drogue cause un syndrome de retrait (Budney et coll., 2002, 
2003; Tanda et Goldberg, 2003; Fattore et coll., 2008). Ce syndrome est caractérisé par 
l’envie, l’irritabilité, l’anxiété, l’état dépressif, le manque d’appétit et des difficultés de 
sommeil (Budney et coll., 2002, 2003). 
3.1 Aperçu historique 
L’usage médicinal et récréatif du cannabis remonte à plus de 5000 ans, mais ce n’est 
que depuis les années 1960 que la recherche sur les effets des molécules cannabinoïdes a 
commencé. Les cannabinoïdes font partie du groupe de molécules chimiques qui activent les 
récepteurs aux cannabinoïdes. Il existe 3 classes de cannabinoïdes : les cannabinoïdes 
végétaux ou phytocannabinoïdes, notamment le THC, les cannabinoïdes endogènes, 
principalement le AEA et 2-AG et les cannabinoïdes de synthèse comme le CP-55,940. Le 
cannabis était connu depuis des millénaires pour ses nombreux effets psychotropes. Cette 
espèce de plante annuelle, aussi connue sous le nom de chanvre (Cannabis sativa L.), fait 
partie de la famille des Cannabacées. Elle peut être subdivisée en 4 sous-espèces selon la 
région d’où elle provient, Sativa, Indica, Spontanea ou Kafiristanica (Clarke et Watson, 2006). 
Le chanvre a été longtemps utilisé pour la fabrication des tissus, des cordes, pour la 
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construction, l’isolation thermique et bien plus. De nos jours, le cannabis est cultivé 
généralement pour un usage récréatif. Certains considèrent que cette plante fait partie des 
drogues douces contrairement aux drogues dures comme l’héroïne qui possèdent une grande 
dépendance physique. Aujourd’hui, cette considération ne tient plus puisque certaines 
personnes font un usage dur de cette drogue, ce qui les rend fortement dépendants. De plus, il 
reste possible d’avoir une dépendance psychologique vis-à-vis le cannabis, ce qui signifie 
d’être dépendant de l’effet procuré par la consommation (Perkonigg et coll., 2008). Le chanvre 
peut se présenter sous plusieurs formes, notamment, de fleurs séchées femelles (marijuana), de 
résine de cannabis (hachich), d’huile de cannabis ou de pollen. Généralement, il est consommé 
avec du tabac, mais il peut aussi être mangé, inhalé ou infusé directement dans le corps 
(Clarke et Watson, 2006). Un article de revue sur l’histoire du cannabis et ses préparations 
dans le monde résume bien l’usage que plusieurs populations ont pu faire du cannabis (Russo, 
2007) et ce n’est qu’un résumé qui est présenté ici. Au 10e siècle, le physicien juif égyptien 
Isaac Israeli l’Ancien (Égypte entre 830-850 et 932-955) a noté que le cannabis pouvait traiter 
l’otalgie. Au 12e siècle, le médecin et philosophe juif Maimonide a voyagé de son Espagne 
natale vers la cour royale égyptienne pour exercer la médecine. Il a lui aussi noté dans son 
livre médical que le cannabis pouvait traiter plusieurs maladies, en mentionnant cette plante 
comme une huile, et sans discuter de ses effets psychotropes. À la fin du 16e siècle, Prospero 
Alpini (médecin et botaniste italien) a rapporté plusieurs effets psychotropes que le cannabis 
procurait. C’est le médecin irlandais William Brooke O’Shaughnessy qui est le premier à avoir 
introduit le cannabis comme traitement thérapeutique dans les années 1830 pour soulager la 
douleur rhumatismale et calmer les convulsions (O’Shaughnessy, 1830). Par la suite, toutes les 
recherches sur le cannabis se sont concentrées sur la chimie des molécules cannabinoïdes 
contenues dans cette plante. Les études pharmacologiques ont pour leur part fait usage de 
composés de synthèse pour venir à leurs conclusions. À la suite de l’isolation du cannabidiol 
(Mechoulam et Shvo, 1963) et de THC (Gaoni et Mechoulam, 1964), les études 
physiologiques ont commencé. Subséquemment, durant les années 1990s, l’identification des 
récepteurs cannabinoïdes, des eCBs et des antagonistes de ces récepteurs a rendu possible la 
recherche pharmacologique et neurobiologique. La Figure 9 illustre la chronologie de la 
recherche sur les cannabinoïdes et le système eCB. 
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Figure 9. Chronologie de la recherche sur les cannabinoïdes et le système eCB. 
Tirée de Mechoulam et coll., 2014 
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3.2 THC 
Dans les années 1960s, Raphael Mechoulam et Yechiel Gaoni (Institut Weizmann, 
Rehovot, Israël) isolent le principe actif du cannabis, le Δ9-tetrahydrocannabinol (THC), 
responsable de la vaste majorité des effets psychotropes (Gaoni et Mechoulam, 1964; 
Mechoulam et Gaoni, 1965). Compte tenu de la nature lipophilique du THC, les chercheurs 
pensaient que cette molécule agissait de façon non spécifique en altérant la fluidité et la 
structure des membranes cellulaires. En démontrant plus tard que le THC n’agissait que de 
façon stéréosélective (ce n’est qu’une conformation spécifique qui produit les effets), cette 
molécule devait sans doute agir sur un récepteur ou une enzyme, mais non sur les membranes 
(Mechoulam et coll., 2014). Par la suite, des récepteurs possédant une affinité pour le THC ont 
été découverts ; puis, des ligands endogènes de ces récepteurs, les eCBs (Matsuda et coll., 
1990; Munro et coll., 1993). 
3.3 Cannabidiol 
Le cannabidiol ne produit aucun effet psychoactif. De plus, à de fortes doses, il peut 
même agir contre les propriétés psychoactives du THC. Plusieurs effets bénéfiques lui sont 
attribués comme des effets de sédation, antiinflammatoire, antiépileptique, anxiolytique, 
antipsychotique et réducteur de la pression intraoculaire (voir section Cannabinoïdes, pression 
intraoculaire et glaucome). Associé au THC, il renforce les effets analgésiques de ce dernier 
(Russo, 2008). 
4. Le système endocannabinoïde 
La Figure 10 illustre les principales composantes du système eCB : les récepteurs 
cannabinoïdes de type 1 (CB1R) et de type 2 (CB2R), les ligands endogènes de ces récepteurs 
qu’on appelle les eCBs (principalement l’anandamide (AEA) et le 2-arachidonylglycérol (2-
AG)) et les enzymes responsables de la synthèse (notamment la N-acyl 
phosphatidyléthanolamine phospholipase D (NAPE-PLD) et la diacylglycérol lipase (DAGL)) 
et de la dégradation (particulièrement la fatty acid amide hydrolase (FAAH) et la 
monoacylglycérol lipase (MAGL)) des eCBs (Hoover et coll., 2008). Tandis que la FAAH 
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convertit l’AEA en éthanolamine (EtNH2) et en acide arachidonique (AA), la MAGL convertit 
le 2-AG en glycérol et en AA. 
 
Figure 10. Schéma illustrant les composantes principales du système eCB. 
Modifiée de Cannabinoids, Di Marzo, 2014. 
4.1 Les eCBs 
Les eCBs sont des dérivés d’acides gras polyinsaturés à longue chaine (amides, esters 
et éthers), en particulier l’acide arachidonique, retrouvés dans le système nerveux central et 
périphérique (De Petrocellis et coll., 2004; Bari et coll., 2006). Les eCBs les plus étudiés sont 
l’AEA et le 2-AG. Comme le THC se lie aux mêmes CB1R et CB2R que les eCBs, ces 
derniers reproduisent tous les effets centraux et périphériques du cannabis (Mechoulam et 
coll., 2002; Howlett et coll., 2004). 
4.2 Les récepteurs cannabinoïdes 
Les récepteurs cannabinoïdes sont des récepteurs à 7 passages transmembranaires et 
couplés aux protéines G. CB1R et CB2R sont couplés le plus souvent aux protéines Gi/Go et 
inhibent ainsi l’adénylate cyclase. Ces récepteurs régulent les canaux ioniques de type 
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calciques et potassiques (Piomelli, 2003; Figure 11). En 1990, CB1R est identifié et cloné 
(Matsuda et coll., 1990). En 1993, le CB2R est découvert (Munro et coll., 1993) et, deux ans 
plus tard, cloné (Facci et coll., 1995). Récemment, plusieurs études démontrent qu’il existerait 
possiblement d’autres récepteurs aux cannabinoïdes, comme le G protein-coupled receptor 55 
(GPR55), le récepteur ionotropique transient receptor potential vanilloide 1 (TRPV1) et les 
récepteurs nucléaires peroxisome proliferator-activated receptor (PPAR) (voir chapitre 3 de 
Cannabinoids, Di Marzo, 2014). La Figure 11 montre les voies de signalisations principales 
pour CB1R, CB2R, GPR55, TRPV1 et PPAR. 
 
Figure 11. Cibles cellulaires et voies de signalisation de l’AEA et du 2-AG. 
Modifiée de Cannabinoids, Di Marzo, 2014 
4.3 Fonction synaptique 
La synthèse des eCBs se fait sur demande suite à la dépolarisation d’une cellule ou 
suite à la stimulation de récepteurs postsynaptiques (Gomez-Ruiz et coll., 2007). Ils agissent 
ensuite comme signal rétrograde sur la membrane présynaptique où ils activent les récepteurs 
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cannabinoïdes. Les eCBs sont ainsi considérés comme des médiateurs lipidiques locaux 
(Bisogno, 2008). Dans le SNC, la localisation des éléments du système des eCBs dans les 
synapses glutamatergiques et GABAergiques suggèrent un rôle important dans la transmission 
synaptique. L’inhibition de l’adénylate cyclase engendre l’activation des canaux potassiques et 
l’inhibition des canaux calciques dans les cellules, et, conséquemment, l’effet net de 
l’activation du CB1R est une hyperpolarisation locale menant à la baisse de 
neurotransmetteurs (De Petrocellis et coll., 2001). Si les eCBs agissent de façon 
postsynaptique, ils vont contrecarrer les entrées activatrices des cellules postsynaptiques. Ce 
mécanisme a justement été proposé pour les interactions avec la transmission postsynaptique 
de la dopamine (Felder et coll., 1998; Rodríguez de Fonseca et coll., 1998; Giuffrida et coll., 
1999). Cependant, cet effet est secondaire à l’importante action présynaptique puisque (1) la 
concentration de CB1R est plus élevée dans les terminaisons présynaptiques et (2) les 
agonistes de CB1R ont un effet inhibiteur sur la libération de plusieurs neurotransmetteurs et 
neuropeptides (Rodríguez de Fonseca et coll., 1997; Beinfeld et Connolly, 2001; Schlicker et 
Kathmann, 2001; Piomelli, 2003). L’inhibition de la libération de neurotransmetteurs au 
niveau du neurone présynaptique est associée à l’action inhibitrice des eCBs sur les canaux 
calciques principalement via CB1R (Bisogno, 2008). Toutefois, la raison pour laquelle le 
système endocannabinoïde agit de façon rétrograde n’est pas encore complètement élucidée. 
4.4 Voies de signalisation impliquées dans la diminution de la libération de 
neurotransmetteurs 
L’entrée massive d’ions Ca++ dans le neurone postsynaptique active la phospholipase D 
(PLD) qui agit sur la N-arachidonoyl phosphatidyléthanolamine (NAPE) pour produire 
l’anandamide (Figure 12). L’anandamide quitte le neurone postsynaptique à l’aide d’un 
transporteur (anandamide membrane transporter (AMT), en violet dans la Figure 12) et active 
le CB1R présynaptique. Par le biais d’une protéine Gi/o, CB1R inhibe l’adénylate cyclase (AC 
en blanc dans la Figure 12), ouvre les canaux potassiques présynaptiques, inhibe l’entrée 
d’ions Ca++ présynaptique et diminue la libération de neurotransmetteurs (principalement le 
glutamate ou le GABA). L’anandamide est finalement retourné dans le neurone 
postsynaptique à l’aide de l’AMT et est dégradé en acide arachidonique et éthanolamine. 
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L’internalisation de l’anandamide dans le neurone est rapide, dépendante de la température, 
indépendante de l’hydrolyse de l’anandamide et sensible à l’inhibition pharmacologique 
(Beltramo et coll., 1997; Piomelli et coll., 1999; Kathuria et coll., 2003; Fegley et coll., 2004). 
 
Figure 12. Cascade biochimique survenant après l’activation de CB1R par l’AEA. 
Modifiée de Cannabinoids in Neurologic and Mental Disease, Fattore, 2015. 
5. Le cannabis et la vision 
La consommation de cannabis affecte plusieurs fonctions biologiques comme l’appétit, 
la mémoire et la coordination motrice (Tsou et coll., 1998). Il n’est donc pas étonnant de 
retrouver les composantes du système eCB, particulièrement CB1R, dans toutes les structures 
cérébrales régulant ces fonctions. Les effets psychophysiques que peut procurer une 
consommation de cannabis sur la vision sont pourtant très peu étudiés, et ce, pour les raisons 
qui suivent. Tout d’abord, la dose réelle qui atteint les récepteurs cannabinoïdes dépend de sa 
voie d’administration (orale, inhalation, intraveineuse, etc). De plus, un groupe placebo est 
difficile à obtenir vu que le cannabis a un goût et une odeur bien distincte. L’intoxication peut 
être affectée par l’environnement et les attentes du sujet. Il y a aussi la polytoxicologie qui 
peut intervenir. Les gens peuvent prendre de l’alcool et d’autres drogues en plus de la 
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marijuana au moment de l’étude. Enfin, les effets sur l’attention compliquent l’identification 
des seuils de détection (voir Yazulla, 2008 pour un article de revue). Depuis longtemps, des 
études ont démontré qu’une prise de cannabis peut diminuer la pression intraoculaire et 
améliorer la vision nocturne (Adams et coll., 1978; Green, 1979). D’autres tests ont été menés 
sur 5 conducteurs, dont trois consommateurs occasionnels de cannabis. Sachant que l’œil joue 
un rôle primordial dans la conduite (par lui transitent 90% des informations nécessaires à 
l’anticipation des gestes du pilote), ils ont testé l’acuité visuelle, la vision des reliefs, des 
couleurs, des contrastes, la vision de nuit, la vision périphérique, le temps de récupération 
après éblouissement. Les fumeurs de cannabis font tous des erreurs dans la vision des 
couleurs. Le temps de récupération après éblouissement augmente en moyenne de 63% et 
deux sur cinq ont des difficultés à stabiliser un point fixe et à apprécier les distances (Adams 
et coll., 1978). Ces évidences démontrent que le cannabis peut produire des effets importants 
sur la vision. 
6. Le système endocannabinoïde et les tissus oculaires 
Il est bien connu que la consommation de marijuana induit une vasodilatation des 
vaisseaux de la sclérotique (les « yeux rouges ») et une réduction de la pression oculaire 
(Adams et coll., 1978). Initialement, on croyait que la marijuana produisait ces effets en 
agissant de façon non spécifique sur les membranes des cellules nerveuses (Mechoulam et 
coll., 2014). Nous savons maintenant hors de tout doute que les cannabinoïdes se lient aux 
récepteurs cannabinoïdes qui sont présents dans plusieurs types cellulaires de l’œil (voir 
Yazulla, 2008; Bouchard et coll., 2015; Schwitzer et coll., 2015 pour des articles de revue). 
Plusieurs études de physiologie et biochimie ont démontré la présence du système eCB dans 
diverses régions des tissus oculaires. L’ARNm du CB1R est retrouvé dans le corps ciliaire et 
le trabéculum, un tissu de fibres collagènes situé dans l’angle iridocornéen, de plusieurs 
espèces, dont le bovin et l’humain (Porcella et coll., 1998; Stamer et coll., 2001; Lograno et 
Romano, 2004; Chen et coll., 2005). La protéine CB1R est aussi détectée dans l’épithélium 
ciliaire et conjonctival (Stamer et coll., 2001; Straiker et coll., 1999b). L’épithélium cornéen 
du bovin exprime l’ARNm du CB1R, MAGL, ABHD6, ABHD12 et NAPE-PLD (Murataeva 
et coll., 2015). L’AEA, le 2-AG et le PEA sont présents dans plusieurs tissues oculaires 
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humain, excepté le cristallin (Chen et coll., 2005; Matias et coll., 2006). La présence de 
plusieurs composantes du système eCB dans les tissus oculaires, incluant la rétine, est 
rapportée dans le Tableau 1 suivant (Cairns et coll., 2015). 
 
Tableau 1. Présence et localisation des composantes du système eCB dans les tissus oculaires, 
incluant la rétine, de plusieurs espèces. 
Tirée de Cairns et coll., 2015 
6.1 Cannabinoïdes, pression intraoculaire et glaucome 
La découverte que l’inhalation de marijuana peut diminuer la pression intraoculaire 
(PIO) remonte en début des années 1970 (Hepler et Frank, 1971). Dès lors, plusieurs 
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molécules agissant sur le système eCB ont été synthétisées dans le but de traiter les 
pathologies où la PIO est élevée (Green, 1979; Jarvinen et coll., 2002; Nucci et coll., 2008; 
Pinar-Sueiro et coll., 2011), un important facteur de risque du glaucome hypertensif (Heijl et 
coll., 2002). Le glaucome, 2e cause de cécité au niveau mondial, cause une atteinte progressive 
du nerf optique, caractérisé par la perte des cellules ganglionnaires de la rétine (King et coll., 
2013). Pourtant, le mécanisme précis menant à la perte des cellules ganglionnaires dans le 
glaucome demeure obscur et la normalisation de la PIO reste l’approche thérapeutique actuelle 
(Zhang et coll., 2012; Tamm et coll., 2013; Schmidl et coll., 2015). L’utilisation de molécules 
cannabinoïdes dans le traitement de l’hypertension oculaire en clinique est très limitée, 
probablement due à leur efficacité très variable, et ce, pour plusieurs raisons : la réduction de 
la PIO est de courte durée seulement, il peut survenir une désensibilisation des récepteurs et 
plusieurs effets indésirables comportementaux peuvent se manifester (Pinar-Sueiro et coll., 
2011). 
7. Expression et localisation de CB1R dans la rétine 
Il est maintenant bien établi qu’il existe un système eCB rétinien qui est responsable, 
du moins en partie, des effets visuels après consommation de cannabis. En effet, la 
photosensibilité, le contraste et l’acuité visuelle sont affectés après l’ingestion de THC et 
prennent place au niveau rétinien. Dès la fin des années 1990, CB1R a été exhaustivement 
étudié au niveau de la rétine de plusieurs espèces en usant des techniques telles que 
l’hybridation in situ, la réaction en chaine par polymérase (PCR), l’immunobuvardage ou 
l’immunohistochimie. Utilisant l’hybridation in situ, CB1R a d’abord été localisé dans la 
couche des cellules ganglionnaires (GCL) et la couche nucléaire interne (INL), de la rétine du 
rat (Buckley et coll., 1998). Par la suite, l’expression de CB1R, en usant de 
l’immunohistochimie, a été détectée dans la rétine de l’humain, du singe, de la souris, du rat, 
du poussin, de la salamandre et du poisson rouge; toutes ces espèces possédant une expression 
de CB1R similaire dans la couche plexiforme externe (OPL), la couche plexiforme interne 
(IPL) et la GCL. (Straiker et coll., 1999a; Straiker et coll., 1999b). Plusieurs études 
subséquentes se sont concentrées sur la distribution cellulaire de la protéine CB1R en ayant 
recours au double marquage immunohistochimique (un anticorps dirigé contre CB1R et un 
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autre dirigé contre un marqueur cellulaire spécifique de la rétine). Au niveau des 
photorécepteurs, CB1R est exprimé dans les segments internes (Straiker et coll., 1999a; 
Zabouri et coll., 2011a) de plusieurs espèces et externes chez l’homme (Straiker et coll., 
1999b). Une très forte expression est retrouvée dans les pédicules des cônes (Straiker et coll., 
1999a; Yazulla et coll., 1999; Yazulla et coll., 2000; Zabouri et coll., 2011a). Au niveau des 
cellules horizontales, l’expression se situe dans leurs corps cellulaires et non dans leurs 
dendrites (Straiker et coll., 1999a; Zabouri et coll., 2011a; Yazulla et coll., 1999). Cette 
expression est moins forte comparée à l’expression des cellules de la voie verticale 
glutamatergique. Au niveau des cellules bipolaires, l’expression est localisée 
préférentiellement dans les dendrites, les corps cellulaires et les axones des cellules bipolaires 
liées aux bâtonnets que dans les cellules bipolaires liées aux cônes (Straiker et coll., 1999a; 
Yazulla et coll., 1999). Au niveau des cellules amacrines, plusieurs études ont identifié une 
expression notamment au niveau des celles utilisant le GABA (Straiker et coll., 1999a; 
Yazulla et coll., 1999; Warrier et Wilson, 2007; Zabouri et coll., 2011a). Dans la couche 
plexiforme interne, une expression diffuse de CB1R a été notée (Straiker et coll., 1999a; 
Straiker et coll., 1999b). L’expression est retrouvée au niveau des synapses des cellules 
bipolaires liées aux bâtonnets (Yazulla et coll., 1999). Il y a une expression plus forte dans les 
synapses ON que OFF des cellules bipolaires liées aux cônes (Yazulla et coll., 2000). Au 
niveau des cellules ganglionnaires, l’expression de CB1R est retrouvée dans leurs corps 
cellulaires ainsi que dans leurs fibres (Straiker et coll., 1999a; Straiker et coll., 1999b; Lalonde 
et coll., 2006; Zabouri et coll., 2011a). Quant aux cellules de Müller, l’expression de CB1R 
n’a pas été détectée dans la rétine de plusieurs espèces (Straiker et coll., 1999a; Zabouri et 
coll., 2011a), sauf dans la rétine du poisson rouge (Yazulla et coll., 2000). 
7.1 Fonction de CB1R dans la rétine 
L’activation de CB1R au niveau des photorécepteurs, des cellules bipolaires, des 
cellules horizontales, des cellules amacrines et des cellules ganglionnaires mène à une 
inhibition de la libération de neurotransmetteurs. Les agonistes de CB1R diminue la relâche de 
[3H]-noradrénaline et de [3H]-dopamine chez le cochon d’Inde (Schlicker et coll., 1996) via 
une protéine Gi/o (Weber et Shlicker, 2001; Savinainen et Laitinen, 2004). De façon générale, 
comme l’expression de CB1R est abondante dans la voie verticale, comprenant les 
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photorécepteurs, les cellules bipolaires et les cellules ganglionnaires, ce récepteur joue un rôle 
majeur dans la relâche de glutamate (Yazulla, 2008). Le rôle de CB1R dans la rétine a été 
étudié chez la souris, en comparant les ondes électrorétinographiques de souris CB1R KO et 
leur souche sauvage (Cécyre et coll., 2013). Les résultats de cette dernière étude démontrent 
que les valeurs d’amplitudes et de latences sont normales et même comparables à celles 
obtenues chez la souris sauvage. 
8. Expression et localisation de CB2R dans la rétine 
La distribution du CB2R dans la rétine a beaucoup moins été étudiée comparativement 
au CB1R. Ceci peut être expliqué par le fait qu’il n’existe que très peu d’anticorps spécifiques 
au CB2R (Cécyre et coll., 2014b) et qu’initialement, on pensait que CB2R était exclusivement 
présent dans les cellules immunitaires. Au début, on présumait que CB2R n’était pas présent 
dans la rétine adulte (Porcella et coll., 1998; Buckley et coll., 1998). Par contre, pas très 
longtemps après, l’ARNm du CB2R est retrouvé dans la rétine du rat (Lu et coll., 2000). 
L’ARNm CB2R a aussi été détecté dans la rétine du poisson rouge (Cottone et coll., 2013). La 
localisation de la protéine CB2R est maintenant bien déterminée dans la rétine du rat et se 
retrouve dans l’épithélium pigmentaire, les segments internes des photorécepteurs, et dans les 
cellules horizontales et amacrines (Lopez et coll., 2011). Plus précisément, CB2R est retrouvé 
dans les cônes et bâtonnets, dans les cellules horizontales, dans quelques cellules amacrines, 
cellules bipolaires et cellules ganglionnaires dans la rétine de souris (Cécyre et coll., 2013). La 
distribution cellulaire de la protéine CB2R a bien été déterminée en faisant appel à la méthode 
de double marquage immunohistochimique. Au niveau des photorécepteurs, l’expression est 
retrouvée dans les segments internes et externes des cônes et bâtonnets (Cécyre et coll., 2013). 
Pourtant, CB2R n’est pas présent dans les pédicules des cônes (Cécyre et coll., 2013). Au 
niveau des cellules horizontales, l’expression est dans la membrane du soma et au niveau des 
dendrites (Lopez et coll., 2011; Cécyre et coll., 2013). Au niveau des cellules bipolaires, 
l’expression est concentrée dans la membrane du soma et au niveau des axones des cellules 
bipolaires liées aux bâtonnets (Cécyre et coll., 2013). L’expression est aussi retrouvée dans la 
membrane du soma des cellules bipolaires liées aux cônes (Cécyre et coll., 2013). Dans les 
cellules amacrines, l’expression est retrouvée seulement dans quelques types spécifiques de 
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cellules amacrines (Lopez et coll., 2011; Cécyre et coll., 2013). Au niveau des cellules 
ganglionnaires, l’expression est retrouvée dans leurs somas (Lopez et coll., 2011; Cécyre et 
coll., 2013). Pour ce qui est des cellules de Müller, aucune expression n’a été retrouvée dans 
leurs membranes, leurs somas, et leurs fibres internes et externes, s’étendant de la membrane 
limitante interne et externe (Cécyre et coll., 2013). L’expression de CB2R dans la rétine des 
primates n’est pas connue. 
8.1 Fonction de CB2R dans la rétine 
Une seule étude s’est concentrée sur le rôle de CB2R dans la rétine de souris en 
utilisant l’ERG. Cécyre et coll. (2013) ont démontré que la fonction rétinienne de la souris 
CB2R KO est changée. En condition scotopique, l’amplitude de l’onde a est augmentée et en 
condition photopique, le temps d’adaptation à la lumière est changé (Cécyre et coll., 2013). Ce 
résultat suggère que CB2R semble être impliqué dans les mécanismes rétiniens sous-tendant 
les processus d’adaptation à la lumière chez la souris. 
9. Expression et localisation de GPR55 dans la rétine 
Le récepteur GPR55 a été suggéré comme un 3e récepteur cannabinoïde étant donné 
qu’il peut se lier à l’anandamide et au THC (Ryberg et coll., 2007). Vu que rares sont les 
anticorps spécifiques dirigés contre GPR55, peu d’études ont démontré son expression au 
niveau de la rétine. L’ARNm et la protéine GPR55 ont été détectés dans les rétines de hamster 
et de la souris, utilisant respectivement l’hybridation in situ et l’immunohistochimie (Cherif et 
coll., 2015). L’expression protéique de GPR55 dans la rétine des primates n’est pas connue. 
9.1 Fonction de GPR55 dans la rétine 
Il n’existe aucune étude à ce jour concernant le rôle de GPR55 dans la rétine adulte. 
Comparant la souris GPR55 KO et sa souche sauvage correspondante, Cherif et coll. (2015) 
ont démontré que GPR55 est important pour le développement normal de la rétine. Les axones 
de cellules ganglionnaires en développement doivent atteindre leurs cibles dans le thalamus 
visuel. Ce développement se fait grâce aux molécules de guidage qui permettent aux cônes de 
croissance de naviguer dans leur environnement. Cette étude a démontré que GPR55 est 
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exprimé dans la voie rétino-thalamo-corticale au cours du développement. De plus, ils ont 
démontré que GPR55 peut réguler la morphologie du cône de croissance et la croissance 
axonale. D’une part, l’ajout de LPI ou O1602 (des agonistes de GPR55) dans des explants de 
rétine en culture a induit une chimioattraction du cône de croissance et une augmentation du 
nombre de filopodes. D’autre part, le cannabidiol (un antagoniste de GPR55) a induit une 
chimiorépulsion du cône de croissance et diminué la longueur et le nombre des projections des 
explants rétiniens. 
10. Expression et localisation des enzymes de synthèse et de 
dégradation dans la rétine 
Les premières études voulant caractériser l’expression des enzymes responsables du 
contrôle des niveaux d’eCBs, se sont d’abord concentrées sur les enzymes de dégradations, 
probablement dues à l’absence dans le marché d’anticorps spécifiques. L’enzyme responsable 
de la dégradation de l’AEA, la FAAH, est présente dans la rétine de souris (Hu et coll., 2010), 
de rats (Yazulla et coll., 1999; Zabouri et coll., 2011b), et du singe (Straiker et coll., 1999). 
L’expression de cette enzyme a été la première à être bien caractérisée. La FAAH se retrouve 
donc dans les cellules horizontales, les cellules amacrines dopaminergiques, les dendrites des 
cellules amacrines cholinestérase-positives et dans les cellules ganglionnaires de la rétine du 
rat (Yazulla et coll., 1999). Une étude subséquente plus poussée a démontré que l’expression 
de FAAH se trouve dans les cônes, les cellules bipolaires liées aux bâtonnets, et dans une 
portion de cellules ganglionnaires dans la rétine du rat (Zabouri et coll., 2011b). Dans la rétine 
de souris, cette enzyme est exprimée dans les segments internes des photorécepteurs, dans 
l’ONL, la GCL, dans une sous-population de cellules amacrines et cellules bipolaires liées aux 
cônes, et enfin dans les terminaisons synaptiques des bâtonnets (Hu et coll., 2010). L’enzyme 
de dégradation MAGL est exprimée dans la rétine des souris et rats. Cette dernière est détectée 
dans l’OPL, l’IPL et la GCL (Hu et coll., 2010). Dans l’IPL, MAGL est présente sous la forme 
de 2 lignes : une au centre de l’IPL et l’autre dans la partie distale de l’IPL (proche de l’INL). 
Dans l’OPL, MAGL est retrouvé dans les sphérules de bâtonnets et dans les pédicules de 
cônes. En fait, MAGL est exprimée dans les cellules amacrines et de Müller, ainsi que les 
cellules bipolaires liées aux cônes de type 2 (Cécyre et coll., 2014a). Ce n’est que récemment 
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que la localisation de l’enzyme responsable de la synthèse du 2-AG a été décrite. La DAGLα 
(diacylglycérol lipase alpha) se retrouve dans les 2 couches synaptiques de la rétine de souris, 
dans l’OPL et l’INL (Hu et coll., 2010). En fait, DAGLα est présente dans les terminaisons 
synaptiques des cellules bipolaires OFF liées aux cônes, ainsi que dans les dendrites de 
certaines cellules bipolaires. Dans la rétine de rats, cette enzyme est localisée dans les cônes et 
bâtonnets, les prolongements des cellules horizontales, quelques cellules bipolaires liées aux 
cônes, cellules amacrines et cellules ganglionnaires (Cécyre et coll., 2014a). La DAGLβ est 
exclusivement retrouvée dans les vaisseaux de la choroïde (Hu et coll., 2010). En outre, 
l’enzyme de synthèse NAPE-PLD, responsable de la production de AEA et de OEA entre 
autres, est présente dans la rétine de rat (Zabouri et coll., 2011a). 
11. Le système eCB dans le thalamus visuel 
Vu que CB1R est un récepteur ubiquitaire et fortement exprimé à travers le SNC, il 
n’est pas étonnant de retrouver le système eCB dans le cerveau visuel. CB1R est retrouvé dans 
le corps genouillé latéral de la même espèce, avec une expression abondante dans les couches 
magnocellulaires (Javadi et coll., 2015). L’enzyme de dégradation de l’anandamide, le FAAH 
suit le même patron d’expression tandis que l’enzyme de synthèse NAPE-PLD est exprimée 
de façon homogène à travers les couches magnocellulaires et parvocellulaires du CGLd 
(Javadi et coll., 2015). Les couches koniocellulaires, quant à elles, expriment peu CB1R, 
FAAH et NAPE-PLD (Javadi et coll., 2015). 
À ce jour, peu d’études se sont concentrées sur le rôle du système eCB dans le 
traitement de l’information visuelle au-delà de la rétine. Au niveau du dLGN du rat, 
l’activation de CB1R modifie la réponse visuelle (Dasilva et coll., 2012; Dasilva et coll., 
2014). Dans ces études, utilisant des enregistrements unitaires extracellulaires, les auteurs ont 
noté que 28% des cellules du dLGN augmentent leur réponse suite de la stimulation visuelle 
lorsque des agonistes (AEA, 2-AG ou O2545, un cannabinoïde synthétique soluble dans l’eau) 
sont injectés. Les 72% restants montrent une diminution de la réponse visuelle lorsque ces 
même agonistes ont été injectés. De plus, tous ces effets sont bloqués lorsque l’AM251, un 
antagoniste de CB1R est injecté préalablement aux agonistes. Ces deux études suggèrent que 
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CB1R au niveau du thalamus module l’information visuelle envoyée à V1. Aucune étude n’a 
établit le rôle précis de CB2R ou de GPR55 dans le thalamus visuel du primate. 
12. Le système eCB dans le cortex visuel 
CB1R est retrouvé dans les différentes couches de l’aire visuelle primaire (V1) du 
singe vervet (données non publiées). Une étude portant sur l’expression de CB1R dans le 
cortex du singe macaque a noté que ce récepteur est présent au niveau de V1, avec une forte 
densité dans les couches V-VI, mais avec une absence de signal dans la couche IV (Eggan et 
Lewis, 2007). Chez la souris, CB1R se trouve abondamment dans les couches II/III et VI du 
cortex strié et dans les terminaisons nerveuses inhibitrices (colocalisation de VGAT et CB1R) 
(Yoneda et coll., 2013). Le système eCB semble également être d’une importance capitale 
durant le développement de V1 vu que la protéine CB1R est augmentée tout au long de son 
développement, avec un patron d’expression spécifique à P20 (20e jour postnatal) jusqu’à 
l’âge adulte (Yoneda et coll., 2013). Dans les couches II et III de V1, les eCBs jouent un rôle 
important dans la maturation des cellules GABAergiques. En effet, la maturation de ces 
cellules GABAergiques lors du développement de l’œil est affectée chez des souris élevées 
dans le noir. Ce même effet est aussi retrouvé lorsque des agonistes de CB1R sont appliqués 
directement dans V1 (Jiang et coll., 2010a; Jiang et coll., 2010b). Ces mêmes études ont aussi 
noté que les synapses GABAergiques des couches II, III et V de V1 ne viennent pas à 
maturation normale chez la souris CB1R KO. Ces résultats suggèrent qu’une vision normale 
est nécessaire pour stimuler le système eCB et mener à une transmission GABAergique 
normale dans les cellules du cortex visuel de la souris (Sun et coll., 2015). Une autre étude a 
montré que le blocage pharmacologique des récepteurs cannabinoïdes perturbe le 
développement des colonnes de dominance oculaires dans les couches II et III, et pas IV des 
souriceaux (Liu et coll., 2008). En outre, les agonistes des récepteurs cannabinoïdes 
augmentent l’amplitude et la fréquence des courants inhibiteurs postsynaptiques dans V1 de la 
souris (Garkun et coll., 2014). Chez le singe macaque, l’ajout d’agonistes de récepteurs 
cannabinoïdes modifie le traitement du signal visuel, en affectant les temps de réponse des 
neurones de V1 et V2 (Ohiorhenuan et coll., 2014). Récemment, il a été démontré que chez les 
souris CB1R KO, l’organisation fonctionnelle du cortex visuel primaire et la sélectivité des 
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neurones sont modifiées (Abbas Farishta et coll., 2015). Plusieurs études sont toutefois 
nécessaires pour évaluer l’impact de CB2R dans V1. Comme CB2R est présent au niveau de 
la rétine, il est fort probable que CB2R ait aussi un rôle important au niveau de V1. 
13. Choix du modèle animal : le singe vervet de St Kitts 
Malgré le progrès des techniques non invasives pour étudier le cerveau humain in vivo, 
les études animales sont toujours nécessaires pour étudier le système nerveux. Même si la 
plupart des réactions biochimiques et physiologiques des neurones représentent des fonctions 
communes et fondamentales des systèmes nerveux, il existe des disparités notables qui se 
traduisent par des capacités sensorielles, motrices et cognitives différentes (Buckner et 
Krienen, 2013) et le système visuel est justement un bon exemple. Le système visuel humain 
est sophistiqué et unique aux primates, incluant les singes. La haute acuité visuelle, la vision 
des couleurs, le détail tridimensionnel, ainsi que reconnaitre, différencier et se souvenir de 
certains objets dans des situations complexes sont des fonctions communes aux primates. 
 
Figure 13. Le laboratoire situé sur l’ile de St Kitts abrite les singes vervets. 
La BSF (Behavioural Science Foundation) située dans les Caraïbes (A-B) a été fondé par le 
Dr Frank Ervin décédé le 24 avril 2015 (C). Le singe vervet (D) est le primate non humain le 
plus utilisé en recherche après le macaque. 
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Le singe vervet est devenu un modèle animal important pour la recherche en neurosciences de 
la vision (Figure 13). Le génome de cette espèce est 90% similaire à celui de l’homme, ce qui 
fait un excellent modèle pour l’étude des pathologies humaines comportementales ou 
physiologiques (Palmour et coll., 1997; Jasinska et coll., 2007). Depuis plusieurs années, le 
vervet est utilisé pour l’étude du système visuel, ce qui a mené à une description anatomique 
exhaustive de ces structures visuelles, particulièrement la rétine (Herbin et coll., 1997), et à la 
publication d’atlas d’anatomie du cerveau (Mikula et coll., 2007; Mikula et coll., 2008; Woods 
et coll., 2011). La taille du cerveau par rapport à leur poids corporel d’environ 3,5 kg chez 
l’adulte rend très avantageuse l’étude électrophysiologique des déficiences visuelles 
émergeant de la rétine ou du nerf optique. L’organisation de la rétine chez cette espèce est 
similaire aux singes de l’Ancien Monde, notamment le macaque. La rétine contient plusieurs 
couches et différentes cellules : des photorécepteurs, cellules bipolaires, cellules 
ganglionnaires, cellules horizontales et amacrines. La densité de cônes décroit de la fovéa 
centralis jusqu’à la périphérie rétinienne contenant une forte densité de bâtonnets (Osterberg, 
1935; Herbin et coll., 1997). La présence d’une fovéa lui procure une excellente acuité 
visuelle, une vision des couleurs et une sensibilité à la lumière, tandis la périphérie rétinienne 
est responsable de la vision scotopique (vision de nuit) (Jacobs, 2008). Le nombre de cellules 
ganglionnaires est aussi comparable à ceux rapportés pour le macaque (Herbin et coll., 1997; 
Finlay et coll., 2008). La Figure 14 qui suit rapporte le comptage des cellules ganglionnaires 
dans la rétine du singe vervet normal. 
 
Figure 14. Comptage des cellules ganglionnaires dans la rétine du singe vervet normal. 
Tirée de Herbin et coll., 1997. 
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De plus, les réponses ERG obtenues chez le singe macaque, une espèce similaire au singe 
vervet, correspondent aussi très bien à celles obtenues chez l’homme (Bee, 2001). Toutes ces 
évidences valident le singe vervet comme un excellent modèle animal pour l’étude de la 
fonction rétinienne. 
II. OBJECTIFS ET HYPOTHÈSES 
Le but principal de cette thèse est de caractériser l’expression et le rôle du système 
endocannabinoïde dans la rétine du singe. Quelques études des années 1970 ont noté des effets 
visuels après consommation de marijuana, notamment la photosensibilité, la vision des 
couleurs et le recouvrement après éblouissement. Toutes ces dernières fonctions prennent 
place au niveau de la rétine. Même à ce jour, il n’existe que très peu d’études sur les fonctions 
perceptives du système eCB. Comme l’organisation anatomique de la rétine du singe vervet 
est similaire à celle de l’homme (présence d’une fovéa), il devient plus aisé d’extrapoler nos 
résultats à la fonction rétinienne humaine. Les sept chapitres du corps de cet ouvrage 
démontrent comment les différents récepteurs eCBs sont non seulement exprimés et localisés 
dans des endroits bien spécifiques de la mosaïque rétinienne, mais encore ont des fonctions 
visuelles spécifiques. Nous avons proposé les hypothèses suivantes : 
1. CB1R devrait être abondamment exprimé dans la rétine centrale (cônes). 
2. CB2R devrait être exprimé exclusivement dans la glie rétinienne (cellules de 
Müller). 
3. GPR55 devrait surtout se retrouver dans les bâtonnets de la rétine périphérique. 
4. L’expression du système eCB devrait être différente d’une espèce animale à l’autre 
(souris, toupayes et singes). 
5. Le singe vervet devrait possèder un patron électrorétinographique semblable à celui 
de l’homme. 
6. Le blocage par des antagonistes spécifiques de CB1R (principalement dans les 
cônes) ou CB2R (exclusivement dans les cellules de Müller) devrait modifier les 
ondes électrorétinographiques en condition photopique seulement. 
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7. GPR55 devrait être un modulateur de la fonction rétinienne scotopique vu sa 
localisation exclusive sur les bâtonnets. 
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III. CORPS DE L’OUVRAGE 
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Abstract 
The presence of a widespread endocannabinoid (eCB) system within the nervous 
system, including the retina, has been demonstrated in recent years. Expression patterns of the 
cannabinoid receptor type 1 (CB1R) and enzyme fatty acid amide hydrolase (FAAH) are 
available for rodents, but data for humans and monkeys are scarce. We therefore thoroughly 
examined the distribution pattern of CB1R and FAAH throughout the retina of the vervet 
monkey (Chlorocebus sabeus) using confocal microscopy. Our results demonstrate that CB1R 
and FAAH are expressed throughout the retina, from the foveal pit to the far periphery. CB1R 
and FAAH are present in the photoreceptor, outer plexiform, inner nuclear, inner plexiform, 
and retinal ganglion cell layers (PRL, OPL, INL, IPL and RGCL, respectively). More 
specifically, in PRL, CB1R and FAAH are preferentially expressed in cones of the central 
retina. In OPL, these two components of the eCB system are concentrated not only in the cone 
pedicles but also in rod spherules with, however, a less intense staining pattern. Triple-labeling 
immunofluorescence revealed that both cone and rod bipolar cells express CB1R and FAAH. 
Heavy staining is detected in RGC somas and axons. Neither CB1R nor FAAH are found in 
the retinal glia, the Müller cells. These data indicate that the eCB system is present throughout 
the primate retina and is ideally positioned to modulate central and peripheral retinal 
functions. 
 
Keywords: endocannabinoids, cannabinoid receptor CB1, fatty acid amide hydrolase, monkey 
retina, immunohistochemistry, confocal microscopy. 
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Introduction 
The Cannabis sativa plant contains a group of substances termed cannabinoids that 
modulate neuronal activity by activating two G protein-coupled receptors, the cannabinoid 
receptors CB1 (CB1R) and CB2 (CB2R) (Piomelli, 2003; Atwood and Mackie, 2010). These 
receptors exert their action through distinct signal transduction mechanisms and are activated 
physiologically by endogenous ligands called endocannabinoids (eCBs), such as anandamide 
(AEA) and 2-arachidonoylglycerol (2-AG) (Gómez-Ruiz et al., 2007). The activation of the 
CB1R inhibits the transmembrane enzyme adenylyl cyclase and modulates calcium and 
potassium ion channels through Gi/O (Freund et al., 2003; Rodríguez de Fonseca, et al., 2005; 
Turu and Hunyady, 2010). Anatomically, CB1R is prominently present on GABAergic and 
glutamatergic terminals (Tsou et al, 1998; Katona et al., 1999; Monory et al., 2006) and is 
widely expressed in central (hippocampus, cortex, basal ganglia and cerebellum) and 
peripheral nervous systems (Herkenham et al., 1991a, 1991b; Egertová and Elphick, 2000). 
The presynaptic location of CB1R plays a key role in synaptic transmission allowing the eCB 
system to act as a modulatory system that regulates learning, memory, motor coordination, 
neuroprotection (Di Marzo et al., 1998) and visual processing (Straiker et al., 1999a; Straiker 
et al, 1999b). 
 
Fatty acid amide hydrolase (FAAH), an intracellular enzyme that is attached to the 
membrane by the N-terminal domain, is mainly responsible for degrading AEA, one of the 
two chief eCBs, into arachidonic acid and ethanolamine (Deutsch and Chin, 1993; Elphick and 
Egertová, 2001 for review). FAAH has already been localized in selected areas of the human 
central nervous system but not in human visual structures (Romero et al, 2002). The CB1R 
ligand AEA is also considered as a candidate endogenous TRPV1 receptor ligand that co-
localizes with some FAAH positive amacrine cells (Zimov and Yazulla, 2007). Other lipids 
that are not CB1R ligands are also broken down by FAAH, such as oleamide (Cravatt et al, 
1996). The expression pattern of FAAH in the retina has been demonstrated in photoreceptors, 
cone bipolar cells, ganglion cells and some amacrine cells of rodents (Yazulla et al., 1999; Hu 
et al., 2010), but data are not available for the primate retina. 
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The organization of the retinal mosaic has an incidence on visual functions, the center 
being mainly involved in visual acuity, color coding and photopic sensitivity (cone vision), 
whereas the periphery is more concerned with scotopic functions (rod vision) (Jacobs, 2008; 
Wässle et al., 1995). If eCBs and cannabinoid receptors are mainly expressed in cones of the 
central retina, then visual functions associated with the foveal cones should be affected by 
cannabis consumption. Indeed, several case reports in the 1970’s mentioned some visual 
effects after cannabis consumption, such as an increase in glare recovery at low contrast 
(Adams et al., 1978), a reduction in Vernier and Snellen acuities (Adams et al., 1975; 
Kiplinger et al., 1971), blurred vision (Noyes et al., 1975), change in color discrimination and 
increased photosensitivity (Dawson et al., 1977). There has also been evidence for central 
effects of cannabinoid use in vision by binocular depth inversion technique and EEG 
recordings of the occipital cortex (Semple et al., 2003; Skosnik et al., 2006). 
 
The presence of CB1R in the retina of many species suggested that eCB signaling 
system is phylogenetically preserved and could play an important role in retinal functions 
(Straiker et al., 1999a). Studies have reported the presence of the eCB system in various retinal 
cell types (cones, bipolar, ganglion, horizontal and amacrine cells) (see Yazulla 2008 for 
review). The modulatory effects of cannabinoids at all stages of retinal processing have also 
been described (Yazulla, 2008). Moreover, critical proteins defining cannabinoid circuitry like 
diacylglycerol lipase α and β, monoacylglycerol lipase, α/β-hydrolase domain 6, cannabinoid 
receptor-interacting protein 1a, FAAH and N-acylethanolamine-hydrolizing acid amidase, 
have been localized in the adult mouse retina (Hu et al., 2010). CB1R and FAAH are 
expressed in cones, amacrine cells and ganglion cells and have been both localized in the rat 
retina essentially in horizontal and rod bipolar cells (Yazulla et al., 1999). 
 
The distribution of receptors and the organization of the retina in humans and primates 
vary from the center to the periphery. Indeed, there is a monotonous decrease in the number of 
cones from the fovea centralis (that exclusively contains cones) to the far periphery that 
contains mainly rods (Osterberg, 1935). Moreover, the density of ganglion cells is much 
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higher in the fovea compared to the periphery (Herbin et al, 1997). Therefore, the expression 
of the eCB system should be different from the center of the retina to the far periphery, a 
difference that would also be evident in central retinal targets such as the dorsal lateral 
geniculate nucleus and the superior colliculus and their cortical recipient areas, the striate and 
extra-striate cortices. 
 
To our knowledge, there has been only one comparative study that showed the 
presence of CB1R in the monkey retina (Straiker et al., 1999a). However, in that study the 
authors do not mention where in the retina the sample was taken and the complete specific 
retinal cell types expressing CB1R have not been entirely described. The present study 
therefore aims to extend previous data on the monkey retina by thoroughly characterizing the 
expression and cellular localization of CB1R and FAAH. 
 
 Experimental Procedures 
Animal Preparation. One female and two male vervet monkeys (Chlorocebus 
sabaeus) at 42 months of age were used for this study. The animals were born and raised in 
enriched environments in the laboratories of the Behavioral Sciences Foundation (St-Kitts, 
West Indies). The animals were fed with primate chow (Harlan Teklad High Protein Monkey 
Diet; Harlan Teklad, Madison, WI) and fresh local fruits, with water available ad libitum. The 
monkey eyes were kindly provided by Professor Roberta Palmour. The monkeys were part of 
a developmental study approved by the McGill University Animal Care and Use Committee. 
 
Antibody characterization. All the primary antibodies used in this work, their 
sources, and working dilutions, are summarized in Table 1. These antibodies were 
successfully used in previous studies and are well characterized by us and other authors in 
regards to the specific primate retinal cell type immunostaining, as described below for each 
antibody. 
 
Table 1. Primary antibodies used in this study. 
Antibody1 Immunogen Source2 Working dilution 
CB Purified bovine Kidney calbindin-D28K 
Sigma-Aldrich, St. Louis, MO, C9848, Mouse monoclonal, 
Clone CB-955 1:500 
CHX10 Peptide containing the aa 44-61 of human CHX10 
Santa Cruz Biotechnology, Santa Cruz, CA, sc-21690, Goat 
polyclonal 1:100 
PKCα Peptide mapping the aa 296-317 of human PKCα 
Santa Cruz Biotechnology, Santa Cruz, CA, sc-8393, Mouse 
monoclonal, Clone H-7 1:500 
Brn-3a Fusion protein containing aa 186-224 of Brn3a protein Chemicon, Temecula, CA, MAB1585, Mouse monoclonal 1:100 
Syntaxin Synaptosomal plasma fraction of rat hippocampus (Barnstable et al., 1985) 
Sigma-Aldrich, St. Louis, MO, S0664, Mouse monoclonal, 
Clone HPC-1 1:500 
GS Full protein purified from sheep brain Chemicon, Temecula, CA, MAB302, Mouse monoclonal, Clone GS-6 1:500 
CB1R Fusion protein containing aa 1-77 of rat CB1R Sigma-Aldrich, St. Louis, MO, C1233, Rabbit polyclonal 1:150 
FAAH Synthetic peptide aa 561-579 of rat FAAH  
Cayman Chemical, Ann Arbor, MI, 101600, Rabbit 
polyclonal 1:100 
1Abbreviations: CB, Calbindin; PKCα, Protein Kinase C (α isoform); GS, Glutamine Synthetase; CB1R, 
Cannabinoid Receptor type 1; FAAH, Fatty Acid Amide Hydrolase; aa, amino acids. 
2The source column indicates the commercial company, catalog reference and origin. The clone designation is 
given for monoclonal antibodies. 
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Calbindin. The mouse monoclonal (IgG1) to calbindin (CB) (Sigma, St. Louis, MO) was 
obtained by using as an immunogen purified bovine kidney Calbindin-D-28K. This antibody 
recognizes a 28kDa band on Western Blots. Immunostaining against calbindin is known to 
label cones outside the foveal region, cone bipolar cells and a subset of horizontal cells on 
human and monkey retinal sections (Chiquet et al., 2002; Fischer et al., 2001; Kolb et al., 
2002; Martínez-Navarrete et al., 2007; Martínez-Navarrete et al., 2008). 
CHX10. The goat polyclonal (IgG) to CHX10 from Santa Cruz Biotechnology (Santa Cruz, 
CA) was raised by using as an immunogen a peptide containing the amino acids 44–61 of 
human CHX10 (sequence PPSSHPRAALDGLAPGHL). According to the manufacturer, this 
antibody gives a single band of 46kDa on Western blots of mouse eye extracts. This 
transcription factor targets the nuclei of all bipolar cells in mammals, including monkeys 
(Martínez-Navarrete et al., 2008). 
PKC. The mouse monoclonal (IgG2a) to protein kinase C (PKC) was developed by Santa 
Cruz Biotechnology by using as an immunogen purified bovine PKC, and its epitope mapped 
to its hinge region (amino acids 296–317). It detects the PKCα isoform, a well-known specific 
marker for rod bipolar retinal cells (Mills and Massey, 1999). As stated by the manufacturer, 
this antibody gives a single band of 80kDa on Western blots of human cell lines, and has been 
previously used for immunohistochemistry on rodent (Zabouri et al., 2011a) and monkey 
(Cuenca et al., 2005; Martínez-Navarrete et al., 2008) retinas. 
Brn3a. The mouse monoclonal to Brn3a was developed by Chemicon International by using 
as an immunogen amino acids 186-224 of Brn3a fused to the T7 gene 10 protein. We used the 
POU-domain transcription factor Brn3a to label the nuclei of retinal ganglion cells. The Brn3a 
antibody shows no reactivity to Brn3b or Brn3c by western blot and no reactivity to Brn3a 
knock-out mice (manufacturer’s technical information). Its specificity for monkey (Xiang et 
al., 1995) and rodent (Nadal-Nicolás et al., 2009) retinal ganglion cells has been documented. 
Syntaxin. The mouse anti-syntaxin monoclonal clone HPC-1 was used to target retinal 
amacrine and horizontal cells and retinal ganglion cell axons. It was developed by Barnstable 
et al. (1985) and is produced by Sigma (St. Louis, MO). The syntaxin antibody recognizes 
syntaxin-1, a 35kDa protein, from hippocampal, retinal and cortical neurons (Inoue et al., 
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1992). This antibody labels interneurons, horizontal and amacrine cells, in the developing and 
adult human retina (Nag and Wadhwa, 2001). We have successfully used this antibody to label 
monkey retinal amacrine and horizontal cells. The staining pattern obtained in the current 
study was similar to that found in human retina (Nag and Wadhwa, 2001). 
GS. The mouse anti-glutamine synthetase (GS) monoclonal antibody was obtained from 
Chemicon International by using as an immunogen the GS purified from sheep brain. This 
antibody generates a single 45kDa protein in adult retinal tissue (Chang et al, 2007). It labels 
Müller cells in rat retina (Riepe and Norenburg, 1977) and across the monkey retina 
(Nishikawa and Tamai, 2001). 
CB1R. The rabbit anti-CB1R recognizes a major band of 60kDa and less intense bands of 23, 
72 and 180kDa (manufacturer’s data sheet). This antibody targets the rat CB1R but 
specifically recognizes the CB1R (60kDa) from many species, including monkey tissue 
(technical sheet). 
FAAH. The anti-FAAH was developed by Cayman Chemical by using a synthetic peptide 
corresponding to 561–579 amino acid fragment of rat fatty acid amine hydrolase conjugated to 
KLH as an immunogen (manufacturer’s data sheet). The rabbit anti-FAAH yields a dense 
band at about 66kDa and a very light one below 37kDa, and its specificity for rat FAAH 
positive cells has been demonstrated (Suárez et al., 2008; Zabouri et al., 2011a). 
Tissue preparation. The retina was dissected free from the eyecup in a PBS bath. The retina 
was laid flat so that the vitreous body could be removed by blotting with filter paper and 
gentle brushing (Burke et al., 2009). Samples of retina (4 mm2) were taken at 2, 6 and 10 mm 
from the center of the optic disc in the temporal, nasal, dorsal and ventral eccentricities along 
with the fovea. Each sample was then cryoprotected in 30% sucrose overnight and embedded 
in Shandon embedding media at −65°C. Retinal samples were then sectioned in a cryostat (16 
µm) and mounted onto gelatinized glass microscope slides, air-dried and stored at −20°C for 
further processing. 
Western blotting. A fresh dissected sample of retina was homogenized by hand using a sterile 
pestle in RIPA buffer (150 mM NaCl, 20 mM Tris, pH 8.0, 1%, NP-40 (USB Corp., 
Cleveland, OH), 0.1% SDS, 1 mM EDTA), supplemented with a protease inhibitor mixture 
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(aprotinin (1:1000), leupeptin (1:1000), pepstatin (1:1000) and phenylmethylsulfonyl fluoride 
(0.2 mg/ml); Roche Applied Science, Laval, QC). Samples were then centrifuged at 4°C for 10 
minutes, and the supernatant was extracted and stored at -20°C until further processing. 
Protein content was equalized using a Thermo Scientific Pierce BCA Protein Assay Kit 
(Fischer Scientific, Ottawa, ON, Canada). Thirty micrograms of protein/sample of the 
homogenate was resolved with 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis, transferred onto a nitrocellulose membrane filter (BioTrace NT, Life 
Sciences, Pall, Pensacola, FL), blocked for 1 hour in 5% skim milk (Carnation, Markham, 
ON) in TBST (0.15 M NaCl, 25 mM Tris-HCl, 25 mM Tris, 0.5% Tween- 20), and incubated 
overnight with primary antibodies, namely rabbit anti-CB1R (1:1000) and rabbit anti-FAAH 
(1:500), in blocking solution. The following day, the blot was exposed to a secondary antibody 
conjugated to horseradish peroxidase (1:5000; Jackson ImmunoResearch, West Grove, PA) in 
blocking solution for 2 hours. Detection was carried out by using home-made ECL Western 
blotting detection reagents. The membrane was then stripped, reblocked, and exposed to a 
second primary antibody, until all proteins of interest were tested. Densitometric analysis was 
performed using Scion Image software (version 4.03) (Frederick, MD). 
Immunohistochemistry. Single-, double- and triple-labelings of the retina were performed 
according to previously published methods (Zabouri et al., 2011a). Briefly, sections were 
postfixed for 5 minutes in 70% ethanol, rinsed 3 x 5 minutes in Tris 0.1 M buffer, pH 
7.4/Triton 0.03%, and blocked for 90 minutes in 10% normal goat serum (NDS) in Tris 0.1 M 
buffer/0.5% Triton. Sections were incubated overnight at room temperature with primary 
antibody in blocking solution. The CB1R or FAAH antibody was used conjointly with a 
known retinal cell type marker: calbindin, CHX10, PKCα, syntaxin, Brn-3a or glutamine 
synthetase (Table 1). The next day, sections were washed for 10 minutes and 2 x 5 minutes in 
Tris 0.1 M/Triton 0.03%, blocked in 10% NDS, Tris 0.1 M/0.5% Triton for 30 minutes and 
incubated with a secondary antibody for 1 hour: Alexa 488 donkey anti-mouse, Alexa 488 
donkey anti-goat, Alexa 555 donkey anti-rabbit or Alexa 647 donkey anti-mouse, (1:200) all 
in blocking solution as described above. Sections were washed again in Tris buffer, 
counterstained with bisbenzimide (Hoechst 33258, Sigma Aldrich, 2.5 µg/mL), a fluorescent 
nuclear marker, and coverslipped with GelTol Mounting Medium (Thermo Electron 
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Corporation). In order to test the specificity of our antibodies directed either against CB1R or 
FAAH, immunolabelings were performed on mice retinal tissue, one where the cnr1 gene has 
been deleted (generously provided by Dr Beat Lutz) (cnr1-/-, Marsicano et al., 2002) and the 
other where the FAAH gene has been deleted (generously provided by Dr Gabriella Gobbi, 
McGill University) (faah-/-, Cravatt et al, 2001). 
Sequential labeling of CB1R and FAAH. The CB1R and FAAH antibodies that we selected 
came from the same host, making the use of simultaneous double-labeling protocol not 
adequate. To circumvent this problem, we used a sequential protocol previously described by 
our research group (Zabouri et al., 2011a; Zabouri et al., 2011b). Briefly, the sections were 
labeled in a serial manner. The exposition to the first primary antibody was conducted as 
described above, followed by incubation of a goat anti-Fab fragment solution (Jackson 
ImmunoResearch Laboratories; Brandon, 1985). This allowed for the tagging of the first 
primary antibody as goat rather than rabbit. The sections were revealed with a secondary 
Alexa donkey anti-goat 488. Thereafter, they were exposed to a second primary antibody 
overnight and revealed the following day with an Alexa donkey anti-rabbit 647. The validity 
of the sequential staining was then verified for FAAH/CB1R co-labeling with the following 
two controls: (1) omission of the second primary antibody resulted in a strong staining with 
the goat secondary 488 but no staining with rabbit secondary 647; (2) omission of the first 
secondary and second primary antibodies revealed no signal for the goat secondary 488 and 
faint signal for the rabbit secondary 647. 
Confocal microscopy. Fluorescence was detected with a Leica TCS SP2 confocal laser-
scanning microscope (Leica Microsystems, Exton, PA), using a 40X or a 100X objective. 
Images were obtained sequentially from the green, red and far-red channels on optical slices of 
less than 0.9 µm of thickness. Throughout the results section, images taken from the green 
channel correspond to the retinal cell markers, and those from the red channel to the CB1R or 
the FAAH; for the triple labeling, the far-red channel relates to an additional cell marker. 
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Results 
Single-label immunocytochemistry 
Single-labeling immunohistochemistry was performed to test the specificity of the 
CB1R or FAAH antibodies in cnr1 or faah knockout mouse retinas and no staining was found 
(Figure 1A-1D). Immunoblot analysis of vervet monkey retinal tissue for anti-CB1R and anti-
FAAH was very similar to that previously reported for rodent retinas (Yazulla et al., 1999; 
Zabouri et al., 2011a). For CB1R-immunoreactivty (IR) (Figure 1E), a single band was 
detected at 60kDa and for FAAH-IR (Figure 1F), a single band was observed at 66kDa. Even 
though the CB1R and FAAH antibodies were targeting rat protein sequences, they generated 
robust and specific staining in the vervet monkey retina. Control sections in which primary 
antibodies were omitted were also processed in parallel and did not show any specific 
immunoreactivity. CB1R and FAAH were found throughout the retinal layers (photoreceptor 
layer, outer plexiform layer, inner nuclear layer, inner plexiform layer and ganglion cell layer) 
and at all eccentricities studied from the fovea centralis to the far periphery. However, the 
intensity of the immunoreactivity decreases with retinal eccentricity (Figures 2 and 3). 
 
Figure 1. Single-label immunofluorescence showing the specificity of the antibodies targeting 
the endocannabinoid receptor CB1 (CB1R) and fatty acid amide hydrolase (FAAH). CB1R 
  53 
immunoreactivity in a wild type mouse retina (A). CB1R labeling is not evident in the cnr1-/- 
mouse (B). FAAH enzyme immunoreactivity in a wild type mouse retina (C). Lack of FAAH 
immunofluorescence in the faah knockout mouse (D). ONL, outer nuclear layer; OPL, outer 
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
layer. Scale bar = 75 µm. Immunoblots of CB1R-IR and FAAH-IR in the monkey retina (E-
F). Specific recognition of CB1R was seen at 60kDa (E) and of FAAH at 66kDa (F). 
 
 
Figure 2. Schematic illustration of the labeling pattern of CB1R-IR throughout the monkey 
retina. Note that the most prominent staining of CB1R is located in the nerve fiber layer and 
central retinal ganglion cell layer (indicated by the arrows). ONL, outer nuclear layer; NFL, 
nerve fiber layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer. Scale bar = 75 µm. 
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Figure 3. Schematic illustration of the labeling pattern of FAAH-IR throughout the monkey 
retina. Note that the most prominent staining of FAAH is located in the nerve fiber layer and 
retinal ganglion cell layer of the central retina (indicated by the arrows). ONL, outer nuclear 
layer; NFL, nerve fiber layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 
plexiform layer; GCL, ganglion cell layer. Scale bar = 75 µm. 
 
Cellular Distribution of CB1R and FAAH 
In order to verify the retinal cell type expression, double immunostaining was carried 
out for CB1R or FAAH and a specific molecular marker for primate retinal cells. A consistent 
staining pattern across all three monkey retinas was found for each double staining. Although 
labeling was located in all layers of the retina, from the photoreceptor to the ganglion cell 
layers, CB1R immunoreactivity was most prominent in the plexiform layers and the retinal 
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ganglion cell layer within the central retina (Figure 2). FAAH distribution was similar to the 
CB1R distribution and densely expressed in the photoreceptor and ganglion cell layers (Figure 
3). The CB1R and FAAH distribution profile showed a consistent expression pattern across 
the retina, as illustrated in the low magnification (40x) views of immunostained retinal 
sections shown in Figures 2 and 3. 
CB1R immunoreactivity in the photoreceptor layer was found throughout the cones, 
with positive staining in the membrane and cytosol (Figure 4). CB1R is present in the outer 
and inner segments, in the cell body and in the pedicles. It is preferentially expressed in cones 
with little evidence of staining in the inner segments and spherules of rods. FAAH, on the 
other hand, was more prominent in the Henle fiber layer and cone pedicles (Figure 5). CB1R 
and FAAH are expressed in cones both in the central and peripheral retina (Figure 4 and 
Figure 5). 
 
Figure 4. Double-label immunofluorescence illustrating co-localization of CB1R-IR with 
calbindin-IR. Confocal micrographs of retinas co-immunolabeled for CB1R (magenta) and 
calbindin (green), a specific marker for cones in the primate, at different retinal eccentricities 
(A-C: 2 mm; D: 6 mm; E: 10 mm). Arrows indicate CB1R positive cones and arrowheads 
  56 
positive cone pedicles. ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar = 25 
µm. 
 
Figure 5. Double-label immunofluorescence illustrating co-localization of FAAH-IR with 
calbindin. Confocal micrographs of retinas co-immunolabeled for FAAH (magenta) and 
calbindin (green), a specific marker for cones in the primate, at different retinal eccentricities 
(A-C: 2 mm; D: 6 mm; E: 10 mm). Arrowheads indicate FAAH positive cone pedicles. 
Arrows point at calbindin positive horizontal cells that express FAAH. ONL, outer nuclear 
layer; OPL, outer plexiform layer. Scale bar = 18.75 µm for A-D and and 25 µm for E. 
 
The inner nuclear layer comprises bipolar, horizontal, amacrine and Müller cells. To 
distinguish the cone and rod bipolar cells from the other cell types, a triple immunolabeling 
was performed. The antibodies targeting the homeobox transcription factor CHX10 present in 
all bipolar cells nuclei, and the protein kinase c (PKC) present in rod bipolar cells and a subset 
of amacrine cells, were used to identify the cell type localization of the eCB components. Both 
cone and rod bipolar cells were CB1R and FAAH immunoreactive (Figure 6 and Figure 7). No 
differences in staining were observed between central versus peripheral retina. 
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Figure 6. CB1R is present in all bipolar cells (CHX10 positive), but is preferentially 
expressed in rod bipolar cells (CHX10 and PKC positive). Confocal micrographs illustrating 
single or triple labeling in the foveal region (A-D), at 2 mm (E), at 6 mm (F) and at 10 mm (G) 
of eccentricity. Arrows indicate, in each panel, one of the rod bipolar cells that are CB1R 
immunoreactive. OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform 
layer. Scale bar = 25 µm. 
 
Figure 7. FAAH is present in all bipolar cells (CHX10 positive). Confocal micrographs 
illustrating single or triple labeling in the foveal region (A-D), at 2 mm (E), at 6 mm (F) and at 
10 mm (G) of eccentricity. Arrows indicate, in each panel, an example of the rod bipolar cells 
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that are FAAH immunoreactive. OPL: outer plexiform layer; INL: inner nuclear layer; IPL: 
inner plexiform layer. Scale bar = 25 µm. 
 
For targeting the retinal ganglion cell population, we used the Brn3a immunoreactivity 
that specifically labels retinal ganglion cell nuclei. CB1R staining was detected in the ganglion 
cell layer, present in the RGC soma (Figure 8) and axons (Figure 10). Axon fiber staining was 
obtained with syntaxin (Wiedenmann and Franke, 1985; Nag and Wadhwa, 2001). Double 
labeling Brn3a/CB1R and syntaxin/CB1R indicated that CB1R is expressed throughout the 
ganglion cells including their axons. This distribution pattern is similar for FAAH (Figure 9 
and Figure 10). Non-Brn3a positive cells that are CB1R or FAAH immunoreactive were found 
and are presumably displaced amacrine cells (Figure 8 and Figure 9). 
 
Figure 8. Double-label immunofluorescence illustrating co-localization of CB1R-IR 
(magenta) with Brn3a-IR (green) at different eccentricities (A-C: fovea; D: 2 mm; E: 6 mm; F: 
10 mm). The antibody against Brn3a labels the nucleus of ganglion cells in the monkey retina 
and these cells were also all CB1R immunoreactive. The intense labeling of CB1R in the 
ganglion cells was localized in the ganglion cells cytosol. Arrows point at non-Brn3a positive 
cells that are CB1R immunoreactive. Scale bar = 30 µm. 
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Figure 9. Double-label immunofluorescence illustrating co-localization of FAAH (magenta) 
with Brn3a-IR (green) at different eccentricities (A-C: fovea; D: 2 mm; E: 6 mm; F: 10 mm). 
All Brn3a positive ganglion cells in the monkey retina were also FAAH immunoreactive. The 
intense labeling of FAAH in the ganglion cells was localized in the ganglion cells cytosol. 
Arrows point at non-Brn3a positive cells that are FAAH immunoreactive. Scale bar = 30 µm. 
 
 
Figure 10. Double-label immunofluorescence illustrating co-localization of CB1R-IR (A-C) 
and FAAH-IR (D-F) with syntaxin-IR in a paraveal region taken at 2 mm of eccentricity 
where the retinal ganglion cell axons are dense. High magnification confocal micrographs of 
retinas co-immunolabeled for CB1R or FAAH (magenta) and syntaxin (green), a marker of 
RGC axons. Scale bar = 18.75 µm. 
 
The monoclonal antibody HPC-1 that recognizes syntaxin was also used to label the 
retinal interneurons, horizontal and amacrine cells. Those lateral projecting neurons show little 
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expression of CB1R and FAAH. Their staining in horizontal and amacrine cells was limited to 
the membrane of the soma as well as the cytosol. Large amacrine cell bodies were slightly 
more labeled than others. No notable differences were found in relation to eccentricity (Figure 
11 and Figure 12). 
 
Figure 11. Double-label immunofluorescence illustrating co-localization of CB1R-IR 
(magenta) with syntaxin-IR (green) near the fovea centralis (fovea) (A-C) and at 2 mm (D), 6 
mm (E) and 10 mm (F) of eccentricity. Syntaxin-immunoreactive horizontal (arrows) and 
amacrine cells (arrowheads) were double labeled for CB1R. Syntaxin-IR labeled heavily the 
membrane of horizontal cells and OPL but lightly their cytosol. Syntaxin-IR labeled heavily 
the membrane of amacrine cells and IPL but lightly their cytosol. ONL, outer nuclear layer; 
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar = 
18.75 µm for A-D and 15 µm for E-F. 
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Figure 12. Double-label immunofluorescence illustrating co-localization of FAAH-IR 
(magenta) with syntaxin-IR (green) near the fovea centralis (fovea) (A-C) and at 2 mm (D), 6 
mm (E) and 10 mm (F) of eccentricity. Syntaxin-immunoreactive horizontal (arrows) and 
amacrine cells (arrowheads) were double labeled for FAAH. ONL, outer nuclear layer; OPL, 
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar = 30 µm 
for A-C and 15 µm for D-F. 
 
In order to assess if retinal glia express the eCB components, the antibody against 
glutamine synthetase (GS) was used to identify Müller cells throughout the retina. Müller cells 
did not show any expression of CB1R or FAAH (Figures 13 and 14 respectively). In all three 
pairs of retinas, we found the same staining pattern. No differences in the expression of CB1R 
and FAAH with regard to eccentricity were observed. 
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Figure 13. CB1R immunoreactivity in Müller cells. A-F: Vertical sections taken near the 
fovea (A-C) and at 2 mm (D), 6 mm (E) and 10 mm (F) of eccentricity. Confocal micrographs 
of retinas co-immunolabeled for CB1R and a cell type specific marker for Müller cells, 
glutamine synthetase (GS). Each protein is presented alone in gray scale in the first columns. 
The merge image is presented in the last column (CB1R in magenta and GS in green). Arrows 
point at Müller cells that do not express CB1R. INL, inner nuclear layer; IPL, inner plexiform 
layer. Scale bar = 30 µm for A-C, F and 18.75 µm for D-E. 
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Figure 14. FAAH immunoreactivity in Müller cells. A-F: Vertical sections taken near the 
fovea (A-C) and at 2 mm (D), 6 mm (E) and 10 mm (F) of eccentricity. Confocal micrographs 
of retinas co-immunolabeled for FAAH and glutamine synthetase (GS). Each protein is 
presented alone in gray scale in the first columns. The merge image is presented in the last 
column (FAAH in magenta and GS in green). Arrows point at Müller cells that do not express 
FAAH. INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar = 30 µm for A-C and 
18.75 µm for D-F. 
 
Co-expression of FAAH and CB1R in all retinal cells is presented in Figure 15A-C. 
There is a large overlap in the expression of these two proteins in the outer plexiform layer, 
inner nuclear layer, inner plexiform layer, ganglion cell layer and nerve fiber layer. Detailed 
analysis of the expression of both proteins for each cell type is found throughout Figures 4 to 
14. These data are summarized in Figure 15J for all retinal cell types. Note that for the most 
part, CB1R and FAAH expression overlap at different eccentricities and in all neuronal cell 
types with the exception of the rod outer segments and somas, and Müller cells. In the fovea, 
however, the signal intensity is higher as expected from the cone (Osterberg, 1935) and 
ganglion cells distributions (Herbin et al., 1997). 
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Figure 15. Comparison of CB1R and FAAH expression. Confocal micrographs of retinas co-
immunolabeled for CB1R (green) and FAAH (magenta). FAAH (A, D, G) and CB1R (B, E, 
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H) signals, and their overlay (C, F, I) for the complete sequential protocol (A-C) in the 
monkey central retina. (D–F): the second primary antibody was omitted; (G–I): the first 
secondary and second primary antibodies were lacking. Scale bar = 75 um. (J) Table 
summarizing CB1R (green) and FAAH (magenta) distribution at different retinal 
eccentricities. The staining intensity was scored as - (no signal), + (weak), ++ (medium), +++ 
(high). 
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Discussion 
The present study reports that the distribution of CB1R and FAAH is widespread 
throughout the vervet monkey retina. These eCB components are present in different retinal 
cell types, namely cones, bipolar, ganglion, horizontal and amacrine cells and is consistent 
with that found in the rodent retina (Yazulla et al., 1999; Yazulla 2008, for review; Zabouri et 
al., 2011a). The cellular expression pattern of CB1R labeling in the vervet monkey retina 
resembles that found in other vertebrates, particularly rhesus monkeys (Straiker et al., 1999a) 
and humans (Straiker et al., 1999b). We provide here a comprehensive set of results that 
further extends the data obtained by Straiker et al (1999a) by showing the retinal specific cell 
types expressing CB1R at various eccentricities. We also demonstrate the expression and 
cellular localization of FAAH. Although CB1R is clearly present in cones, their pedicles 
revealed a more prominent labeling. CB1R immunoreactivity was not detected in rod inner 
segments. Heavy CB1R staining was observed in the cone pedicles, not only in the foveal pit 
but also throughout the retina. However, FAAH was present throughout the cone with a more 
intense staining in the inner segments including the pedicles. Globally, the expression of 
CB1R and FAAH throughout the retina relates to cell density. 
Like the photoreceptors, the bipolar cells within the inner nuclear layer (cone and rod 
bipolar cells) express both CB1R and FAAH. This suggests that eCBs might modulate cone 
(photopic) and rod (scotopic) vision. Indeed, there is evidence that marijuana use alters color 
discrimination (Dawson et al., 1977) and increases the glare recovery at low contrast (Adams 
et al., 1978). Our results are consistent with the suggestion that the vertical cone-bipolar-RGC 
pathway that prominently expresses CB1R and FAAH plays an important role in glutamate 
release in each one of the retinal cell types (Wässle, 2004; Yazulla 2008). However, the low 
expression of both CB1R and FAAH in horizontal and amacrine cells (the lateral pathway) in 
this study and in lower mammals (Yazulla et al., 1999) reinforces the pivotal role exerted by 
the vertical retinal pathway. The presence of the eCB system within the plexiform layers 
suggests an autoregulatory mechanism in horizontal and amacrine inhibitory neurons. The 
different expression of the eCB components within the vertical and lateral retinal pathways 
could result in a modulation of the synaptic gain in the plexiform layers by the inhibition of 
neurotransmitter release in cone pedicles (Yazulla et al., 1999). 
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Our understanding of the role of the eCB system in visual processing stems primarily 
from studies conducted in lower mammals and vertebrates, namely mouse, rat, goldfish and 
the tiger salamander (Yazulla et al, 1999; Straiker et al, 1999a; Yazulla 2008 for review). As 
such, some retinal circuits have a species-specific function that could be acted upon by the 
eCB system. For example, the rod pathway is highly preserved across mammals, whereas 
trichromatic color processing is found primarily in humans and most old world monkeys (Ptito 
et al., 1973; Rosenberg and Talebi, 2009). Indeed, in these species, the fovea centralis made 
exclusively of cones, is responsible for color vision and optimal visual acuity (Osterberg, 
1935). This biological adaptation optimizes the visual information available in the 
environment (Herbin et al., 1997). The eCB signaling system may be restricted in its 
phylogenetic distribution, because to date its existence has only been firmly established in 
vertebrate species (Elphick and Egertová, 2001). 
In the central nervous system (CNS), the activation of CB1R modulates the neuronal 
membrane permeability to Ca2+ and K+ ions and the activity of adenylyl cyclase, thereby 
affecting neurotransmitter release and action (Di Marzo, 1998). Electrophysiological research 
carried out in the mammalian retina to find a specific eCB neuromodulatory action has not 
been conclusive (Straiker et al., 1999a; Yazulla 2008 for review). For example, recordings in 
goldfish cones following the application of WIN 55,212-2 (a CB1R agonist) showed that the 
photocurrent recovered to baseline more quickly than in controls. It was therefore concluded 
that the functional consequence of this effect was to increase the photosensitivity to bright 
flashes (Yazulla, 2008). On the contrary, Adam et al., (1978) reported an increase time in the 
glare recovery in photopic conditions under the influence of marijuana in humans. These two 
results appear contradictory, but given that the expression of CB1R is more widely expressed 
throughout the monkey cones than the goldfish ones (Yazulla et al., 2000), it would be 
plausible that the sites of action of tetrahydrocannabinol (THC, the active compound in 
marijuana) are broader in primates. 
The most prominent CB1R and FAAH expression was found in cone synaptic 
terminals and in the ganglion cell layer. This suggests that cannabinoids act not only on 
photoreceptors as previously reported (Yazulla 2008 for review) but also directly on ganglion 
cells. Indeed, at the level of RGCs, CB1R and FAAH are strongly expressed in the cell body 
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and axons. This appears to be unusual because in the mammalian CNS it has been thought that 
CB1R is not present in large neurons, like pyramidal and Purkinje cells, but instead in smaller 
pre-synaptic neurons (Elphick and Egertová, 2001). However, recent research suggests that the 
eCB system is also found in large caliber axons (Marsicano and Lutz, 1999; Hill et al., 2007). 
RGCs do not have large caliber axons, yet they strongly express CB1R and FAAH providing 
anatomical evidence that eCBs serve an autoregulatory function to modulate the output of 
ganglion cells as proposed by Yazulla (2008). 
Our results also showed that Müller cells in monkeys do not express CB1R or FAAH, 
which is in agreement with some studies conducted on the retina of other adult mammals 
(Yazulla, 2008; Zabouri et al., 2011a). CB1R is transiently expressed in rat Müller cells 
between postnatal day 3 and day 9 (Zabouri et al., 2011a). However, only one study (Yazulla 
et al., 2000) reported the presence of CB1R in Müller cells of the goldfish retina. The 
existence of the eCB system within the retinal glia is largely unexplored and further research 
is needed to establish its presence across species and its specific functions. 
Although the literature on the distribution of the molecular components of the eCB 
system in the rodent retina has evolved, little is still known about the expression of this 
signaling system in the retina of species more closely related to humans. In the rodent retina, 
CB1R has been reported in photoreceptors, bipolar cells, gabaergic amacrine cells, horizontal 
cells, and the inner plexiform layer (Yazulla et al., 1999; Hu et al., 2010; Zabouri et al., 
2011a). Similarly, in the human retina, the eCB system is expressed in the outer segments of 
photoreceptors, the inner and outer plexiform layers, the inner nuclear layer and the ganglion 
cell layer (Straiker et al., 1999b). This overall pattern of CB1R distribution is also found in the 
rhesus monkey, indicating that the eCB system is similarly expressed in the retina across 
species (Yazulla et al., 1999; Hu et al., 2010). Our results support and extend this notion by 
showing that the eCB system is not only present in the monkey retina, but it is more salient in 
the foveal region compared to the periphery. This different center-periphery distribution of the 
eCB system suggests an additional role of this system in central retinal functions. 
The eCB system has also been observed in the central nervous system. The patterns of 
expression of CB1R and FAAH have been assigned to different types of distributions: 
complementary, overlapping or unrelated (Egertová et al., 2003; Yazulla, 2008). In the 
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complementary pattern, in brain regions like the cerebellar cortex, hippocampus and 
neocortex, FAAH positive neurons are post-synaptic to processes expressing CB1R. This 
expression pattern proposes a retrograde pre-synaptic regulation of transmitter release by 
eCBs (Tsou et al., 1998; Egertová et al., 1998; Egertová et al., 2003). In the overlapping 
pattern, neurons express both CB1R and FAAH (Marsicano and Lutz, 1999; Hill et al., 2007) 
with FAAH located in neurons that are proximal to CB1R expressing axon fibers. Here, 
FAAH may influence eCB signaling but more remotely (Egertová et al., 2003). Finally, in the 
unrelated pattern, neurons express only one of these two components, suggesting that the 
spatial impact and/or duration of eCB signaling may be less restricted than in regions enriched 
with FAAH (Egertová et al., 2003). In the present study, CB1R and FAAH in the retina are 
generally expressed in an overlapping pattern (Figure 15) suggesting that the eCB system 
might be responsible for an auto-feedback control of neurotransmitter release. We also show 
that FAAH is targeted to the axonal and somato-dendritic compartments of the retinal 
ganglions cells, therefore supporting the notion that FAAH is located both presynaptically (at 
the photoreceptor level) and postsynaptically (at the bipolar and ganglion cell level). This 
result is consistent with what has been previously shown in the mouse olfactory bulb, where 
FAAH is also expressed pre- (olfactory-receptor neuron terminals) and post-synaptically 
(mitral cells) (Egertová et al., 2003). Not surprisingly and in agreement with our previous 
assumption, eCBs are also expressed in the visual cortex of the developing rodent brain (Jiang 




To our knowledge, this is the first report that CB1R and FAAH have been localized in 
specific cell types in the old-world monkey retina at all eccentricities of tissue sampling. The 
distribution of the eCB system throughout the retina might explain the deleterious effects of 
marijuana consumption on visual functions. Since CB1R and FAAH are highly expressed in 
central cones, the administration of exogenous cannabinoids may alter several retinal 
functions, such as visual acuity, color discrimination and photosensitivity. 
  70 
Acknowledgements 
This work was supported in part by the Natural Science and Engineering Research Council of 
Canada (M.P. and C.C.) and the Canadian Institutes of Health Research (MOP-86495, J.-
F.B.). J.B. was supported by a CIHR studentship and J.-F.B. by a Chercheur-Boursier Junior 2 
from the Fonds de la recherche en santé du Québec. We thank Sophie Charron, Florence 
Dotigny and Ikiel Ptito for excellent technical assistance. We are grateful to Dr Frank Ervin 
and Dr Roberta Palmour of the Behavioral Sciences Foundation Laboratories of St Kitts, West 
Indies, for supplying the eyes and the fresh retinas. 
 
  71 
References 
Adams AJ, Brown B, Flom MC, Jones RT, Jampolsky A (1975) Alcohol and marijuana effects 
on static visual acuity. Am J Optom Physiol Opt 52:729-735. 
Adams AJ, Brown B, Haegerstrom-Portnoy G, Flom MC, Jones RT (1978) Marijuana, 
alcohol, and combined drug effects on the time course of glare recovery. Psychopharmacology 
(Berl) 56:81-86. 
Aguado T, Monory K, Palazuelos J, Stella N, Cravatt B, Lutz B, Marsicano G, Kokaia Z, 
Guzman M, Galve-Roperh I (2005) The endocannabinoid system drives neural progenitor 
proliferation. FASEB J 19:1704-1706. 
Argaw A, Duff G, Zabouri N, Cécyre B, Chaine N, Cherif H, Tea N, Lutz B, Ptito M, 
Bouchard JF (2011) Concerted action of CB1 cannabinoid receptor and deleted in colorectal 
cancer in axon guidance. J Neurosci 31:1489-1499. 
Atwood BK, Mackie K (2010) CB2: a cannabinoid receptor with an identity crisis. Br J 
Pharmacol 160:467-479. 
Barnstable CJ, Hofstein R, Akagawa K (1985) A marker of early amacrine cell development 
in rat retina. Brain Res 352:286-290. 
Burke M, Zangenehpour S, Bouskila J, Boire D, Ptito M (2009) The Gateway to the Brain: 
Dissecting the Primate Eye. J Vis Exp e1261. 
Chang ML, Wu CH, Jiang-Shieh YF, Shieh JY, Wen CY (2007) Reactive changes of retinal 
astrocytes and Muller glial cells in kainate-induced neuroexcitotoxicity. J Anat 210:54-65. 
Chiquet C, Dkhissi-Benyahya O, Chounlamountri N, Szel A, Degrip WJ, Cooper HM (2002) 
Characterization of calbindin-positive cones in primates. Neuroscience 115:1323-1333. 
Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR, Lichtman AH 
(2001) Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in 
mice lacking fatty acid amide hydrolase. Proc Natl Acad Sci U S A 98:9371-9376. 
  72 
Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB (1996) Molecular 
characterization of an enzyme that degrades neuromodulatory fatty-acid amides. Nature 
384:83-87. 
Cuenca N, Herrero MT, Angulo A, de Juan E, Martinez-Navarrete GC, Lopez S, Barcia C, 
Martin-Nieto J (2005) Morphological impairments in retinal neurons of the scotopic visual 
pathway in a monkey model of Parkinson's disease. J Comp Neurol 493:261-273. 
Dawson WW, Jimenez-Antillon CF, Perez JM, Zeskind JA (1977) Marijuana and vision--after 
ten years' use in Costa Rica. Invest Ophthalmol Vis Sci 16:689-699. 
Deutsch DG, Chin SA (1993) Enzymatic synthesis and degradation of anandamide, a 
cannabinoid receptor agonist. Biochem Pharmacol 46:791-796. 
Di Marzo V, Melck D, Bisogno T, De Petrocellis L (1998) Endocannabinoids: endogenous 
cannabinoid receptor ligands with neuromodulatory action. Trends Neurosci 21:521-528. 
Egertová M, Cravatt BF, Elphick MR (2003) Comparative analysis of fatty acid amide 
hydrolase and cb(1) cannabinoid receptor expression in the mouse brain: evidence of a 
widespread role for fatty acid amide hydrolase in regulation of endocannabinoid signaling. 
Neuroscience 119:481-496. 
Egertová M, Elphick MR (2000) Localisation of cannabinoid receptors in the rat brain using 
antibodies to the intracellular C-terminal tail of CB. J Comp Neurol 422:159-171. 
Egertová M, Giang DK, Cravatt BF, Elphick MR (1998) A new perspective on cannabinoid 
signalling: complementary localization of fatty acid amide hydrolase and the CB1 receptor in 
rat brain. Proc Biol Sci 265:2081-2085. 
Elphick MR, Egertova M (2001) The neurobiology and evolution of cannabinoid signalling. 
Philos Trans R Soc Lond B Biol Sci 356:381-408. 
Fischer AJ, Hendrickson A, Reh TA (2001) Immunocytochemical characterization of cysts in 
the peripheral retina and pars plana of the adult primate. Invest Ophthalmol Vis Sci 42:3256-
3263. 
Freund TF, Katona I, Piomelli D (2003) Role of endogenous cannabinoids in synaptic 
signaling. Physiol Rev 83:1017-1066. 
  73 
Gómez-Ruiz M, Hernández M, de Miguel R, Ramos JA (2007) An overview on the 
biochemistry of the cannabinoid system. Mol Neurobiol 36:3-14. 
Herbin M, Boire D, Ptito M (1997) Size and distribution of retinal ganglion cells in the St. 
Kitts green monkey (Cercopithecus aethiops sabeus). J Comp Neurol 383:459-472. 
Herkenham M, Lynn AB, de Costa BR, Richfield EK (1991a) Neuronal localization of 
cannabinoid receptors in the basal ganglia of the rat. Brain Res 547:267-274. 
Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR, Rice KC (1991b) 
Characterization and localization of cannabinoid receptors in rat brain: a quantitative in vitro 
autoradiographic study. J Neurosci 11:563-583. 
Hill EL, Gallopin T, Ferezou I, Cauli B, Rossier J, Schweitzer P, Lambolez B (2007) 
Functional CB1 receptors are broadly expressed in neocortical GABAergic and glutamatergic 
neurons. J Neurophysiol 97:2580-2589. 
Hu SS, Arnold A, Hutchens JM, Radicke J, Cravatt BF, Wager-Miller J, Mackie K, Straiker A 
(2010) Architecture of cannabinoid signaling in mouse retina. J Comp Neurol 518:3848-3866. 
Inoue A, Obata K, Akagawa K (1992) Cloning and sequence analysis of cDNA for a neuronal 
cell membrane antigen, HPC-1. J Biol Chem 267:10613-10619. 
Jacobs GH (2008) Primate color vision: A comparative perspective. Vis Neurosci 25:619-633. 
Jiang B, Huang S, de Pasquale R, Millman D, Song L, Lee H-K, Tsumoto T, Kirkwood A 
(2010) The Maturation of GABAergic Transmission in Visual Cortex Requires 
Endocannabinoid-Mediated LTD of Inhibitory Inputs during a Critical Period. Neuron 66:248-
259. 
Katona I, Sperlagh B, Sik A, Kafalvi A, Vizi ES, Mackie K, Freund TF (1999) Presynaptically 
located CB1 cannabinoid receptors regulate GABA release from axon terminals of specific 
hippocampal interneurons. J Neurosci 19:4544-4558. 
Kiplinger GF, Manno JE, Rodda BE, Forney RB (1971) Dose-response analysis of the effects 
of tetrahydrocannabinol in man. Clin Pharmacol Ther 12:650-657. 
  74 
Kolb H, Zhang L, Dekorver L, Cuenca N (2002) A new look at calretinin-immunoreactive 
amacrine cell types in the monkey retina. J Comp Neurol 453:168-184. 
Leonelli M, Britto LR, Chaves GP, Torrao AS (2005) Developmental expression of 
cannabinoid receptors in the chick retinotectal system. Brain Res Dev Brain Res 156:176-182. 
Marsicano G, Lutz B (1999) Expression of the cannabinoid receptor CB1 in distinct neuronal 
subpopulations in the adult mouse forebrain. Eur J Neurosci 11:4213-4225. 
Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, Hermann H, Tang J, 
Hofmann C, Zieglgansberger W, Di Marzo V, Lutz B (2002) The endogenous cannabinoid 
system controls extinction of aversive memories. Nature 418:530-534. 
Martinez-Navarrete GC, Angulo A, Martin-Nieto J, Cuenca N (2008) Gradual morphogenesis 
of retinal neurons in the peripheral retinal margin of adult monkeys and humans. J Comp 
Neurol 511:557-580. 
Martinez-Navarrete GC, Martin-Nieto J, Esteve-Rudd J, Angulo A, Cuenca N (2007) Alpha 
synuclein gene expression profile in the retina of vertebrates. Mol Vis 13:949-961. 
Mills SL, Massey SC (1999) AII amacrine cells limit scotopic acuity in central macaque 
retina: A confocal analysis of calretinin labeling. J Comp Neurol 411:19-34. 
Monory K, Massa F, Egertova M, Eder M, Blaudzun H, Westenbroek R, Kelsch W, Jacob W, 
Marsch R, Ekker M, Long J, Rubenstein JL, Goebbels S, Nave KA, During M, Klugmann M, 
Wolfel B, Dodt HU, Zieglgansberger W, Wotjak CT, Mackie K, Elphick MR, Marsicano G, 
Lutz B (2006) The endocannabinoid system controls key epileptogenic circuits in the 
hippocampus. Neuron 51:455-466. 
Nadal-Nicolas FM, Jimenez-Lopez M, Sobrado-Calvo P, Nieto-Lopez L, Canovas-Martinez I, 
Salinas-Navarro M, Vidal-Sanz M, Agudo M (2009) Brn3a as a marker of retinal ganglion 
cells: qualitative and quantitative time course studies in naive and optic nerve-injured retinas. 
Invest Ophthalmol Vis Sci 50:3860-3868. 
Nag TC, Wadhwa S (2001) Differential expression of syntaxin-1 and synaptophysin in the 
developing and adult human retina. J Biosci 26:179-191. 
  75 
Nishikawa S, Tamai M (2001) Muller cells in the human foveal region. Curr Eye Res 22:34-
41. 
Noyes R, Jr., Brunk SF, Avery DA, Canter AC (1975) The analgesic properties of delta-9-
tetrahydrocannabinol and codeine. Clin Pharmacol Ther 18:84-89. 
Osterberg G (1935) Topography of the layer of rods and cones in the human retina. Acta 
Ophtal suppl 6:11-97. 
Piomelli D (2003) The molecular logic of endocannabinoid signalling. Nat Rev Neurosci 
4:873-884. 
Ptito M, Cardu B, Lepore F (1973) Spectral sensitivity in primates: a comparative study. 
Percept Mot Skills 36:1239-1247. 
Riepe RE, Norenburg MD (1977) Müller cell localisation of glutamine synthetase in rat retina. 
Nature 268:654-655. 
Rodríguez de Fonseca F, Del Arco I, Bermudez-Silva FJ, Bilbao A, Cippitelli A, Navarro M 
(2005) The endocannabinoid system: physiology and pharmacology. Alcohol Alcohol 40:2-
14. 
Romero J, Hillard CJ, Calero M, Rabano A (2002) Fatty acid amide hydrolase localization in 
the human central nervous system: an immunohistochemical study. Brain Res Mol Brain Res 
100:85-93. 
Rosenberg A, Talebi V (2009) The primate retina contains distinct types of Y-like ganglion 
cells. J Neurosci 29:5048-5050. 
Semple DM, Ramsden F, McIntosh AM (2003) Reduced binocular depth inversion in regular 
cannabis users. Pharmacol Biochem Behav 75:789-793. 
Skosnik PD, Krishnan GP, Vohs JL, O'Donnell BF (2006) The effect of cannabis use and 
gender on the visual steady state evoked potential. Clin Neurophysiol 117:144-156. 
Straiker A, Stella N, Piomelli D, Mackie K, Karten HJ, Maguire G (1999a) Cannabinoid CB1 
receptors and ligands in vertebrate retina: localization and function of an endogenous signaling 
system. Proc Natl Acad Sci U S A 96:14565-14570. 
  76 
Straiker AJ, Maguire G, Mackie K, Lindsey J (1999b) Localization of cannabinoid CB1 
receptors in the human anterior eye and retina. Invest Ophthalmol Vis Sci 40:2442-2448. 
Suárez J, Bermudez-Silva FJ, Mackie K, Ledent C, Zimmer A, Cravatt BF, de Fonseca FR 
(2008) Immunohistochemical description of the endogenous cannabinoid system in the rat 
cerebellum and functionally related nuclei. J Comp Neurol 509:400-421. 
Tsou K, Brown S, Sanudo-Pena MC, Mackie K, Walker JM (1998) Immunohistochemical 
distribution of cannabinoid CB1 receptors in the rat central nervous system. Neuroscience 
83:393-411. 
Turu G, Hunyady L (2010) Signal transduction of the CB1 cannabinoid receptor. J Mol 
Endocrinol 44:75-85. 
Vitalis T, Laine J, Simon A, Roland A, Leterrier C, Lenkei Z (2008) The type 1 cannabinoid 
receptor is highly expressed in embryonic cortical projection neurons and negatively regulates 
neurite growth in vitro. Eur J Neurosci 28:1705-1718. 
Wässle H (2004) Parallel processing in the mammalian retina. Nat Rev Neurosci 5:747-757. 
Wässle H, Grüunert U, Chun M-N, Boycott BB (1995) The rod pathway of the macaque 
monkey retina: Identification of AII-amacrine cells with antibodies against calretinin. J Comp 
Neurol 361:537-551. 
Wiedenmann B, Franke WW (1985) Identification and localization of synaptophysin, an 
integral membrane glycoprotein of Mr 38,000 characteristic of presynaptic vesicles. Cell 
41:1017-1028. 
Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SH, Eddy RL, Shows TB, Nathans J (1995) 
The Brn-3 family of POU-domain factors: primary structure, binding specificity, and 
expression in subsets of retinal ganglion cells and somatosensory neurons. J Neurosci 
15:4762-4785. 
Yazulla S (2008) Endocannabinoids in the retina: from marijuana to neuroprotection. Prog 
Retin Eye Res 27:501-526. 
  77 
Yazulla S, Studholme KM, McIntosh HH, Deutsch DG (1999) Immunocytochemical 
localization of cannabinoid CB1 receptor and fatty acid amide hydrolase in rat retina. J Comp 
Neurol 415:80-90. 
Yazulla S, Studholme KM, McIntosh HH, Fan SF (2000) Cannabinoid receptors on goldfish 
retinal bipolar cells: electron-microscope immunocytochemistry and whole-cell recordings. 
Vis Neurosci 17:391-401. 
Zabouri N, Bouchard JF, Casanova C (2011a) Cannabinoid receptor type 1 expression during 
postnatal development of the rat retina. J Comp Neurol 519:1258-1280. 
Zabouri N, Ptito M, Casanova C, Bouchard JF (2011b) Fatty acid amide hydrolase expression 
during retinal postnatal development in rats. Neuroscience 195:145-165. 
Zimov S, Yazulla S (2007) Vanilloid receptor 1 (TRPV1/VR1) co-localizes with fatty acid 




  78 
 
ARTICLE 2: MÜLLER CELLS EXPRESS THE CANNABINOID CB2 
RECEPTOR IN THE VERVET MONKEY RETINA 
Publié dans : 
Bouskila J, Javadi P, Casanova C, Ptito M, Bouchard JF (2013) Muller cells express the 
cannabinoid CB2 receptor in the vervet monkey retina. J Comp Neurol 521:2399-2415. (cover 
page) 
 
  79 
Müller cells express the cannabinoid CB2 receptor in the vervet monkey 
retina 
Joseph Bouskila1, 2, Pasha Javadi1, Christian Casanova1, Maurice Ptito1, 3, and Jean-François 
Bouchard1 
1School of Optometry, University of Montreal, Montreal, QC, Canada 
2Biomedical Sciences, Faculty of Medicine, University of Montreal, Montreal, QC, Canada 
3BRAINlab, Department of Neuroscience and Pharmacology, University of Copenhagen, 
Copenhagen, Denmark 
 
Abbreviated title: CB2R expression in Müller cells 
 
Associate Editor: Ian A. Meinertzhagen 
 




Correspondence should be addressed to: 
Jean-François Bouchard, BPharm, PhD 
School of Optometry, room 260-7 
3744 Jean-Brillant, 
University of Montreal, 
Montreal, Quebec, Canada, H3T 1P1 
 
Financial Support: The Natural Science and Engineering Research Council of Canada 
(311892-2010, JFB; 6362-2012, MP; 194670-2009, CC) and the Canadian Institutes of Health 
Research (MOP-86495, JFB) supported this work. JB holds a scholarship from “Fonds de 
recherche du Québec - Santé (FRQS)”. MP is Harland Sanders Chair professor in Visual 
Science. JFB is supported by a “Chercheur-Boursier Junior 2” from FRQS. 
 
  80 
Abstract 
The presence of the cannabinoid receptor type 1 (CB1R) has been largely documented 
in the rodent and primate retinas in recent years. There is however some controversy 
concerning the presence of the CB2 receptor (CB2R) within the central nervous system. Only 
recently, CB2R has been found in the rodent retina, but its presence in the primate retina has 
not yet been demonstrated. The aim of this study was twofold: 1) to characterize the 
distribution patterns of CB2R in the monkey retina and compare this distribution to that 
previously reported for CB1R and 2) to resolve the controversy on the presence of CB2R in 
the neural component of the retina. We therefore thoroughly examined the cellular localization 
of CB2R in the vervet monkey (Chlorocebus sabeus) retina, using confocal microscopy. Our 
results demonstrate that CB2R, like CB1R, is present throughout the retinal layers with 
however striking dissimilarities. Double labeling of CB2R and glutamine synthetase shows 
that CB2R is restricted to Müller cell processes, extending from the internal limiting 
membrane with very low staining, to the external limiting membrane with heavy labeling. We 
conclude that CB2R is indeed present in the retina but exclusively in the retinal glia whereas 
CB1R is only expressed in the neuro-retina. These results extend our knowledge on the 
expression and distribution of cannabinoid receptors in the monkey retina, although further 
experiments are still needed in order to clarify their role in retinal functions. 
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Introduction 
Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are endocannabinoids (eCBs) 
that bind to cannabinoid receptors (CB1R and CB2R) to exert their physiological effects 
(Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al., 1995; Piomelli, 2003). The eCBs 
are endogenous lipid messengers that are involved in the regulation of many physiological 
processes in mammals (Di Marzo et al., 2007). They are synthetized on demand and rapidly 
degraded by enzymes, particularly fatty acid amide hydrolase (FAAH), monoglycerol lipase 
(MGL) and cyclooxygenase-2 (COX-2) (Cravatt et al., 1996; Dinh et al., 2002; Kozak et al., 
2000). The activation of cannabinoid receptors by eCBs leads to cannabis-like effects and 
CB1R is considered to be the main element responsible of those properties. The eCB system 
present in the retina likely plays a role in the visual effects of cannabis (Yazulla, 2008 for 
review). The distribution of CB1R has been well characterized in the retina of rodents and 
primates (Yazulla et al., 1999; Straiker et al., 1999; Bouskila et al., 2012). It is present in cone 
pedicles and rod spherules, bipolar cells, amacrine cells, horizontal cells, and ganglion cells. 
This pattern is also observed in the central and peripheral parts of the monkey retina (Bouskila 
et al., 2012). 
 
Concerning CB2R, its mRNA was first detected by reverse transcription polymerase 
chain reaction (RT-PCR) in the adult mouse retina and by in situ hybridization in the adult rat 
retina (Lu et al., 2000) but not in rat embryos (Buckley et al., 1998). Interestingly, using 
different transcripts, CB2 mRNA was not detected in rat and human retinas (Porcella et al., 
1998, 2000). In agreement with Lu et al. (2000), using immunohistochemistry, CB2R protein 
was localized in rat retinal pigment epithelium, inner photoreceptor segments, horizontal and 
amacrine cells, cells localized in the ganglion cell layer, and in fibres of inner plexiform layer 
(López et al., 2011). However, this study did not proceed by double labeling with specific 
retinal cell markers. Instead, cell types were identified based on the position in the retinal layer 
and on the morphology of the cells. CB2R expression was found in the trabecular meshwork 
of the porcine eye, in which an injection of a CB2R agonist increased aqueous humour 
outflow (Zhong et al., 2005). The presence of both CB1R and CB2R has been reported in 
human retinal pigment epithelial cells in primary cultures and ARPE-19 cells (Wei et al., 
2009). Recently, CB2R expression was found at mRNA levels by RT-PCR and protein by 
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Western blot analysis in in vitro retinal explants and primary cultures of human Müller glia 
(Krishnan and Chatterjee, 2012). 
 
The human CB2R was cloned first (Munro et al., 1993). Subsequent studies on CB2R 
expression patterns focused on the presence of CB2R in peripheral tissues of the immune 
system (Galiègue et al., 1995). Later on, CB2R was cloned in the mouse (Shire et al., 1996) 
and rat (Griffin et al., 2000). Unlike CB1R, which is highly conserved across mammalian 
species, sequences of the murine and human CB2R are divergent, raising the possibility of 
species-specific amino acid sequences. Indeed, CB2R has evolved far more rapidly 
(McPartland et al., 2007), such that there is only an 81% sequence homology at the amino acid 
level between the rat and human CB2R, increasing to 87% identity in the critical trans-
membrane regions (Griffin et al., 2000). As a result, rodent models may not reliably predict 
the performance of a CB2R agonist for human CB2 receptors (Mackie, 2008). Consequently, 
accurate comparisons between human and rodent receptors are crucial considering that 
cannabinoids vary in their affinity to CB2R depending upon the species (Mukherjee et al., 
2004). Our study will fill an important gap in the knowledge of the expression patterns of 
CB2R in the retina. 
 
The presence of CB2R in neurons has raised an important debate in the scientific 
community (Atwood and Mackie, 2010). While some are convinced that CB2R is not present 
in neurons, or at least at very low levels (Atwood and Mackie, 2010), others suggest otherwise 
(Onaivi et al., 2012). Nevertheless, all agree that CB2R is present in the CNS and could be 
expressed in its glial elements. Despite the extensive knowledge of the distribution of CB2R in 
the rodent brain, there are no published reports regarding its expression and localization in the 
human and monkey retinas. Given that endocannabinoids are present in human ocular tissues 
especially the retina (Chen et al., 2005), it is reasonable to assume the presence of cannabinoid 
receptors therein. Therefore, the main objective of this study is to characterize the expression 
and localization patterns of CB2R throughout the in vivo monkey retina. 
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Materials and Methods 
Choice of species. Monkey tissue, the experimental model for the current study, was chosen 
for several reasons. First monkey tissue allows us to generalize more easily to humans. The 
anatomical similarity between the monkey and human retina is remarkable. Primates are 
mammals that have a macular/foveal region and multiple cone types, which offers them high 
visual acuity and color vision. Finally, the high cross-reactivity between human and monkey 
antigens increases chances of success for targeting CB2R in monkeys using an anti-human 
CB2R antibody. 
 
Animal Preparation. Three adult vervet monkeys (Chlorocebus sabaeus) were used for this 
study. Monkey tissues were kindly provided by Professor Roberta Palmour from McGill 
University, Montreal, Canada. The monkeys were part of Dr. Palmour’s and Dr. Ptito’s 
research project that was approved by the McGill University Animal Care and Use 
Committee. The animals were born and raised in enriched environments in the laboratories of 
the Behavioural Sciences Foundation (St-Kitts, West Indies) that is recognized by the 
Canadian Council on Animal Care (CCAC). The animals were fed with primate chow (Harlan 
Teklad High Protein Monkey Diet; Harlan Teklad, Madison, WI) and fresh local fruits, with 
water available ad libitum. The experimental protocol was reviewed and approved by the local 
Animal Care and Use Committee and the Institutional Review Board of the Behavioural 
Science Foundation. Each animal was sedated with ketamine (10 mg/kg, i.m.), deeply 
anaesthetized with sodium pentobarbital (25 mg/kg, i.v.) and perfused transcardially with 
phosphate buffer saline (PBS pH 7.4), followed by 4% paraformaldehyde. 
 
Antibody characterization. All the primary antibodies used in this work, their sources and 
working dilutions, are summarized in Table 1. These antibodies were successfully used in 
previous studies and are well characterized in regards to the specific primate retinal cell type 
immunostaining, as described below for each antibody. 
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Table 1. Primary Antibodies Used in this Study 
Antibody1 Immunogen Source2 
Working 
dilution 




Purified bovine Kidney calbindin-
D28K 
Sigma-Aldrich, St. Louis, MO, C9848, Mouse monoclonal, 
Clone CB-955 H: 1:250 
PKCα 
Peptide mapping the aa 296-317 of 
human PKCα 
Santa Cruz Biotechnology, Santa Cruz, CA, sc-8393, Mouse 
monoclonal, Clone H-7 
H: 1:500 
PV 
Full protein purified from frog 
muscle 




Synaptosomal plasma fraction of rat 
hippocampus (Barnstable et al., 
1985) 




Fusion protein containing aa 186-224 
of Brn3a protein 
Chemicon, Temecula, CA, MAB1585, Mouse monoclonal H: 1:100 
CB1R 
Fusion protein containing aa 1-77 of 
rat CB1R 
Sigma-Aldrich, St. Louis, MO, C1233, Rabbit polyclonal H: 1:150 
CB2R Synthetic peptide from aa 20-33 of 
human CB2R 





Synthetic peptide from the c-terminal 
region of human Kir4.1 
Osenses, Keswick, South Australia, OSP00134W, Goat 
polyclonal H: 1:500 
GAPDH 
The full-length rabbit muscle 
GAPDH protein 
Sigma-Aldrich, St. Louis, MO, G8795, Mouse polyclonal W: 1:20000 
1Abbreviations: GS, Glutamine Synthetase; CB, Calbindin; PKCα, Protein Kinase C (α isoform); PV, 
parvalbumin; CB1R, Cannabinoid Receptor type 1; CB2R, Cannabinoid Receptor type 2; GAPDH, 
Glyceraldehyde-3-Phosphate Dehydrogenase; aa, amino acids; H, immunohistochemistry; W, Western blot. 
2The source column indicates the commercial company, catalog reference and origin. The clone designation is 
given for monoclonal antibodies. 
 
GS. The mouse monoclonal (IgG2a) to glutamine synthetase (GS) was obtained from 
Chemicon International (Temecula, CA) and directed against GS purified from sheep brain. 
This antibody generates a single 45 kDa band in immunoblots of adult mammalian brain tissue 
(manufacturer’s data sheet). This antibody labels Müller cells in rat (Riepe and Norenburg, 
1977) and monkey retinas (Nishikawa and Tamai, 2001; Bouskila et al., 2012). 
 
Calbindin. The mouse monoclonal (IgG1) to calbindin (CB) was obtained from Sigma (St. 
Louis, MO) and directed against purified bovine kidney Calbindin-D-28K. This antibody 
recognizes a 28 kDa band on Western Blots (manufacturer’s data sheet). The calbindin 
antibody labels cones outside the foveal region, cone bipolar cells and a subset of horizontal 
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cells in human and monkey retinas (Chiquet et al., 2002; Fischer et al., 2001; Kolb et al., 
2002; Martínez-Navarrete et al., 2007; Martínez-Navarrete et al., 2008; Bouskila et al., 2012). 
 
PKC. The mouse monoclonal (IgG2a) to protein kinase C (PKC) was developed by Santa 
Cruz Biotechnology (Santa Cruz, CA) by using as immunogen purified bovine PKC and its 
epitope is mapped to its hinge region (amino acids 296–317). It detects the PKCα isoform, a 
well-known specific marker for rod bipolar cells (Mills and Massey, 1999). As stated by the 
manufacturer, this antibody gives a single band of 80 kDa on Western blots of human cell 
lines, and has been previously used for immunohistochemistry on rodent (Zabouri et al., 
2011a; Zabouri et al., 2011b) and monkey (Cuenca et al., 2005; Martínez-Navarrete et al., 
2008; Bouskila et al., 2012) retinas. 
 
PV. The mouse monoclonal (IgG1) to parvalbumin (PV) was obtained from Sigma (St. Louis, 
MO) by using as immunogen purified frog muscle PV. It recognizes a 12 kDa band from 
human, bovine, pig, canine, feline, rabbit, rat, and fish tissues (manufacturer’s technical 
information). The pattern of labeling with this antibody was the same as reported previously 
(Kolb et al., 2002; Bordt et al., 2006). This small calcium-binding protein is expressed in the 
primate retina by horizontal cells (Wässle et al., 2000) and the antiserum has been used to 
visualize monkey thalamic nuclei (Qi et al., 2011). 
 
Syntaxin. The mouse monoclonal (IgG1) to syntaxin (clone HPC-1) was developed by 
Barnstable et al. (1985) and is distributed by Sigma (St. Louis, MO). This antibody recognizes 
syntaxin-1, a 35 kDa protein, from hippocampal, retinal and cortical neurons (Inoue et al., 
1992). This antibody labels horizontal cells and amacrine cells, in the developing and adult 
human retina (Nag and Wadhwa, 2001). The staining pattern obtained in the current study was 
similar to that found in human retina (Nag and Wadhwa, 2001). We have used this antibody to 
label monkey retinal amacrine and horizontal cells (Bouskila et al., 2012).  
Brn3a. The mouse monoclonal (IgG1) to Brn3a was obtained from Chemicon International 
(Temecula, CA) and made against amino acids 186-224 of Brn3a fused to the T7 gene 10 
protein. The Brn3a antibody shows no reactivity to Brn3b or Brn3c by western blot and no 
reactivity to Brn3a knockout mice (manufacturer’s technical information). Its specificity for 
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rodent (Nadal-Nicolás et al., 2009) and monkey (Xiang et al., 1995) retinal ganglion cells has 
been documented. We used the POU-domain transcription factor Brn3a to label the nuclei of 
retinal ganglion cells (Bouskila et al., 2012). 
 
CB1R. The rabbit anti-CB1R was obtained from Sigma (St. Louis, MO). It was developed by 
using a highly purified fusion protein containing the first 77 amino acid residues of the rat 
CB1R as the immunogen. It recognizes a major band of 60 kDa and less intense bands of 23, 
72, and 180 kDa (manufacturer's data sheet, C1233). This antibody targets the rat CB1R 
(Zabouri et al., 2011a) but specifically recognizes the CB1R (60 kDa) from many species 
(manufacturer’s data sheet), including vervet monkey retinal tissue (Bouskila et al., 2012). 
 
CB2R. The rabbit anti-CB2R was obtained from Cayman Chemical (Ann Arbor, MI). It was 
developed by using a synthetic peptide corresponding to the amino acids 20-33 
(NPMKDYMILSGPQK) of the human CB2R sequence conjugated to KLH as immunogen. 
This antibody recognizes a band at 45 kDa and a band at 39-40 kDa (manufacturer’s data 
sheet, 101550). This antibody was used in human nervous tissues (Ellert-Miklaszewska et al., 
2007; Zurolo et al., 2010). Its specificity to CB2R was recently validated in CB2R knockout 
mice retinal tissue. CB2R immunohistochemistry signal present in CB2R wild-type mice was 
completely absent in their knockout littermates (Argaw et al., 2011). 
 
GAPDH. The mouse monoclonal (IgM) to GAPDH (GlycerAldehyde-3-Phosphate 
DeHydrogenase, clone GAPDH-71.1) was obtained from Sigma (St. Louis, MO) by using as 
immunogen purified rabbit muscle GAPDH (whole molecule). As stated by the manufacturer, 
this antibody recognizes monkey GAPDH and gives a single band at about 37 kDa. 
 
Kir4.1. The goat polyclonal anti-Kir4.1 antibody was purchased from Osenses (Keswick, 
South Australia). This antibody was raised against a synthetic peptide corresponding to amino 
acids 352-368 (PEKLKLEESLREQAEKE) of human KCNJ10 (Kir4.1) conjugated to an 
immunogenic carrier protein and gives a single band at about 37 kDa in Western Blot. The 
peptide is homologous in mouse and rat and was predicted to react in rat, mouse and human 
tissues (manufacturer’s technical information, cat. #OSP00134W). It has been characterized 
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by immunoblot and immunostaining of HEK cells transfected with Kir4.1 and used to target 
the Kir4.1 in mouse cortical astrocytes (Li et al., 2001). 
 
CB2R blocking peptide. The CB2R blocking peptide containing the human CB2R amino 
acid sequence 20-33 (NPMKDYMILSGPQK; Cayman Chemical; catalog number 301550) 
was used in the present study for immunohistochemistry and western blot analysis. The 
specificity of the CB2R antibody was also tested by preincubation with the corresponding 
blocking peptide. For preadsorption, the primary antibody was diluted in PBS and incubated 
with a ratio 1:1 for 2 hours at room temperature with occasional inversion. Thereafter, the 
antibody-blocking peptide solution was added to the slices and subsequent 
immunohistochemistry followed the protocol as described further. 
 
Tissue preparation. The eyes were extracted and the retina was dissected free from the 
eyecup in a PBS bath. The retina was laid flat so that the vitreous body could be removed by 
blotting with filter paper and gentle brushing (Burke et al., 2009). Samples of retina (4 mm2) 
were taken from the center (radius of 4 mm around the fovea), middle (radius of 10 mm 
around the fovea) and periphery (radius of 20 mm around the fovea), along with the fovea. 
Each sample was cryoprotected in 30% sucrose overnight and embedded in Shandon 
embedding media at -65°C. Retinal samples were sectioned in a cryostat (18 µm) and mounted 
onto gelatinized glass microscope slides, air-dried and stored at -20°C. 
 
Western blotting. In order to test the specificity of the CB2R antisera, Western blots were 
performed on monkey tissue. A fresh dissected sample of retina, visual cortex or cerebellum 
was homogenized by hand by using a sterile pestle in RIPA buffer (150 mM NaCl, 20 mM 
Tris, pH 8.0, 1%, NP-40 (USB Corp., Cleveland, OH, USA), 0.1% SDS, 1 mM EDTA), 
supplemented with a protease-inhibitor mixture (aprotinin (1:1,000), leupeptin (1:1,000), 
pepstatin (1:1,000) and phenylmethylsulfonyl fluoride (0.2 mg/ml); Roche Applied Science, 
Laval, QC, Canada). Samples were centrifuged at 4°C for 10 minutes, and the supernatant was 
extracted and stored at -20°C until further processing. Protein content was equalized by using 
a Thermo Scientific Pierce BCA Protein Assay Kit (Fisher Scientific, Ottawa, ON, Canada). 
Thirty micrograms of protein/sample of the homogenate was resolved with 10% sodium 
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dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred onto a nitrocellulose 
membrane filter (BioTrace NT, Life Sciences, Pall, Pensacola, FL), blocked for 1 hour in 5% 
skim milk (Carnation, Markham, ON, Canada) in TBST (0.15 M NaCl, 25 mM Tris-HCl, 25 
mM Tris, 0.5% Tween- 20), and incubated overnight with the primary antibody, namely, 
rabbit anti-CB2R (1:500) in blocking solution. The following day, the blot was exposed to a 
secondary antibody conjugated to horseradish peroxidase (1:5,000; Jackson ImmunoResearch, 
West Grove, PA) in blocking solution for 2 hours. Detection was carried out by using 
homemade ECL Western blotting detection reagents (final concentrations: 2.50 mM luminol, 
0.4 mM p-coumaric acid, 0.1 M Tris-HCl pH 8.5, 0.018% H2O2). The membrane was then air-
stripped, reblocked, and exposed to a second primary antibody, namely mouse anti-GAPDH 
(1:20,000), until all proteins of interest were tested. Densitometric analysis was performed by 
using ImageJ software (Version 1.45; http://rsb.info.nih.gov/ij/) on scanned films. 
 
Immunohistochemistry. Single, double and triple labeling of the retina were performed 
according to previously published methods (Bouskila et al., 2012). Briefly, sections were 
postfixed for 5 minutes in 70% ethanol, rinsed 3 x 5 minutes in 0.1 M Tris buffer, pH 
7.4/0.03% Triton and blocked for 90 minutes in 10% normal goat serum (NDS) in 0.1 M Tris 
buffer/0.5% Triton. Sections were incubated overnight at room temperature with primary 
antibody in blocking solution. The CB2R antibody was used conjointly with a known retinal 
cell type marker: calbindin, PKCα, syntaxin, Brn3a, or glutamine synthetase (Table 1). The 
next day, sections were washed for 10 minutes and 2 x 5 minutes in 0.1 M Tris /0.03% Triton, 
blocked in 10% NDS, 0.1 M Tris /0.5% Triton for 30 minutes and incubated with secondary 
antibody for 1 hour: Alexa 488 donkey anti-mouse, Alexa 488 donkey anti-goat, Alexa 555 
donkey anti-mouse or biotinylated donkey anti-rabbit followed by the addition of streptavidin-
Alexa 647 (1:200), all in a blocking solution as described above. Sections were washed again 
in Tris buffer, counterstained with bisbenzimide (Hoechst 33258, Sigma, 2.5 µg/mL), a 
fluorescent nuclear marker, and coverslipped with Fluoromount-GTM Mounting Medium 
(SouthernBiotech, Birmingham, AL). 
 
Sequential labeling of CB1R and CB2R. The CB1R and CB2R antibodies that we selected 
came from the same host, making the use of simultaneous double-labeling protocol not 
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adequate. To circumvent this problem, we used a sequential protocol previously described by 
our research group (Zabouri et al., 2011a; Zabouri et al., 2011b; Bouskila et al., 2012). Briefly, 
the sections were labeled in a serial manner. The exposition to the first primary antibody was 
conducted as described above, followed by incubation of a goat anti-Fab fragment solution 
(Jackson ImmunoResearch Laboratories, West Grove, PA); Brandon, 1985). This allowed for 
the tagging of the first primary antibody as goat rather than rabbit. The sections were revealed 
with a secondary Alexa donkey anti-goat 488. Thereafter, they were exposed to a second 
primary antibody overnight and revealed the following day with an Alexa donkey anti-rabbit 
647. The validity of the sequential staining was then verified for CB1R/CB2R co-labeling with 
the following two controls: (1) omission of the second primary antibody resulted in a strong 
staining with the goat secondary 488 but no staining with rabbit secondary 647; (2) omission 
of the first secondary and second primary antibodies revealed faint signal for the goat 
secondary 488 and no signal for the rabbit secondary 647. 
 
Confocal microscopy. Fluorescence was detected with a Leica TCS SP2 confocal laser-
scanning microscope (Leica Microsystems, Exton, PA), using a 40X (n.a.: 1.25 – 0.75) or a 
100X (n.a.: 1.40 – 0.7) objective. Images were obtained sequentially from the green and far-
red channels on optical slices of less than 0.9 µm of thickness. Throughout the Results section, 
images taken from the green channel correspond to the retinal cell markers and from the far-
red channel to CB2R. When co-expression of CB2R and retinal cell markers was ambiguous 
in some retinal layers, co-labeling or its absence was demonstrated by taking z-stacks with 
optimized steps. This allowed for visualization of the cells in the X-Y, X-Z and Y-Z axes, 
thereby confirming the presence or absence of CB2R in the cells. All photomicrograph 
adjustments, including size, color, brightness, and contrast were done with Adobe Photoshop 
(CS5, Adobe Systems, San Jose, CA) and then exported to Adobe InDesign (CS5, Adobe 
Systems, San Jose, CA), where the final figure layout was completed. The schematic panels of 
Figure 9 were created using Adobe Illustrator (CS5, Adobe Systems, San Jose, CA). 
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Results 
CB2R antibody specificity. Immunoblots of CB2R antisera in homogenates of fresh vervet 
monkey retina, visual cortex, and cerebellum (Figure 1A) showed one intense band at 45 kDa 
for each homogenate. Pre-incubation with CB2R blocking peptide completely abolished 
antibody signal (Figure 1B). The same blot was reprobed using the GAPDH antibody 
(37 kDa) to ensure the proper equalization and loading of all samples (Figure 1A and 1B, 
lower panels). As an added control, the CB2R antibody was preadsorbed with its blocking 
peptide prior to incubation with retinal sections, resulting in an absence of staining signal in 
the section (Figure 1D, see CB2R blocking peptide paragraph in the Materials and Methods 
section). Furthermore, the CB2R knock out mice validated the specificity of anti-CB2R by 
elimination of the immunolabeling (Argaw et al., 2011). CB2R-immunoreactivity (IR) was 
present throughout the monkey retina, extending from the fovea centralis to the periphery and 
from the external limiting membrane to some cell bodies of the inner nuclear layer (Figure 
1C). CB2R was densely expressed in the Henle Fiber layer (Figure 1C), comprising the cone 
photoreceptor oblique axons with accompanying Müller glial cell processes and forming a 
pale-staining fibrous-looking area not seen in the peripheral retina (Figure 3H). 
 
Figure 1. Characterization of CB2R antibody in the vervet monkey. Western blot analysis of 
total protein samples from retina (A – lane 1), visual cortex (A – lane 2) and cerebellum (A – 
lane 3) showing detection of one heavy protein band at 45 kDa. The band was not detected 
when the antibody was pre-incubated with the corresponding CB2R blocking peptide (BP) (B 
– lanes 1-3). All lanes contained 10 µg of total protein. The lower blots for CB2R and CB2R-
BP show the expression of the protein GAPDH and demonstrates loading in all lanes. 
Immunohistochemistry on vervet retinal tissue with the anti-CB2R antibody revealed a unique 
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staining profile (C). When the CB2R antibody was pre-incubated with its BP, it revealed an 
absence of staining (D). HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer. Scale bar = 75 µm. 
CB2R immunoreactivity throughout the monkey retina. The expression pattern of CB2R 
near the fovea and in the peripheral retina seems different on visual examination, but this is 
misleading, because Müller cells have different morphological characteristics in the central 
and peripheral retina (Distler and Dreher, 1996). If one looks at the pattern of Müller cell 
processes, CB2R distributions are rather similar. The strongest CB2R signal is localized in the 
Henle fiber layer with generally weaker signals in the inner retina (Figure 2). 
 
Figure 2. Labeling pattern of CB2R-IR throughout the monkey retina. Confocal micrographs 
taken from the fovea (A), and from 1 mm (B), 2 mm (C), 5 mm (D), 10 mm (E), 20 mm (F) of 
the fovea. Note that the most prominent staining of CB2R is located in the Henle fiber layer 
present in samples of central retina. ONL, outer nuclear layer; HFL, Henle fiber layer; OPL, 
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
layer; GCFL, ganglion cell fiber layer. Scale bar = 75 µm. 
 
Double-label immunohistochemistry. In order to verify the retinal cell type expression, 
double immunostaining was carried out for CB2R and a specific molecular marker for primate 
retinal cells. A consistent staining pattern across all three monkey retinas was found for each 
double staining. Although labeling was located in all distal layers of the retina, from the 
photoreceptor to the inner nuclear layers, CB2R-IR was most prominent in the Henle Fiber 
layer within the central retina (Figures 3, 5, 6, 9). 
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Cellular distribution of CB2R 
CB2R is present in Müller cells. The extensive CB2R-immunoreactive fibers along the 
external limiting membrane were suggestive of Müller cells (Figure 3A-C). This hypothesis 
was tested by double-labeling CB2R-IR with GS-IR, which labels Müller cells in the 
mammalian retina, including vervet monkey retina (Riepe and Norenburg, 1977; Bouskila et 
al., 2012). All fibers that were GS-immunoreactive were also double labeled for CB2R-IR in 
the central retina (Figure 3D-F) and in the middle retina (Figure 3G-I). This included all the 
Müller cell fibers but not Müller cell bodies (Figure 3A-C). Most prominent staining was 
found in the distal retina with only faint staining in the proximal retina. On occasion, some 
GS-immunoreactive proximal fibers were not CB2R-immunoreactive. Villous processes 
extending beyond the external limiting membrane (arrows) did not co-localize with CB2R-IR. 
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Figure 3. CB2R co-localizes extensively with glutamine synthetase-labeled Müller cells in the 
monkey retina. A-I: Vertical sections taken near the fovea (A-F) and in the middle retina (G-
I). Confocal micrographs of retinas co-immunolabeled for CB2R and glutamine synthetase 
(GS), a cell type specific marker for Müller cells. Each protein is presented alone in gray scale 
in the first columns. The merge image is presented in the last column (GS in green and CB2R 
in magenta). Arrows indicate the projections of the Müller cell membrane in the apical margin 
known as apical villi that lack CB2R. Arrowheads point at Müller cell bodies that do not 
express CB2R. D-F: Higher magnification views of the outer limiting membrane (OLM) 
demonstrate the absence CB2R/GS double labeling in the Müller cell villi. OLM, outer 
limiting membrane; HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer. Scale bar = 75 µm for A-C, and 30 µm for D-I. 
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No expression of CB2R in cones. Because the Henle fiber layer comprises densely packed 
oblique cone photoreceptor axons with accompanying Müller cell processes, CB2R and 
calbindin co-localization was needed to rule out the possibility that CB2R was present in 
cones. Given that CB labels cones outside the foveola, a central (Figure 4A-C) and middle 
(Figure 4D-F) retinal samples were taken to perform co-localization with CB2R and CB. 
Although the patterns of CB2R-IR throughout the ONL and OPL appeared very similar to 
those of GS-IR, it was not clear from an overlay projection presented in Figure 4 that CB2R-
IR is truly adjacent to cone axons. A flattened Z-series indicated that CB2R-IR in the ONL 
was due exclusively to fibers of the Müller cells and do not include cone axons (Figure 4G). In 
order to further corroborate the localization of CB2R in GS-positive fibers, but not in CB-
positive axons, confocal optical sections, were investigated in the X-Z and Y-Z projections. 
The X-Z and Y-Z images were drawn through the point of double-labeling between CB-IR 
and CB2R-IR, and the two orthogonal views clearly show no overlap (Figure 4H). 
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Figure 4. Double-label immunofluorescence illustrating localization of calbindin (CB) and 
CB2R. A-C: Calbindin-IR labeled cone photoreceptors in the monkey central retina, and these 
were not CB2R immunoreactive. Note that CB2R-IR appears co-localized in the ONL, but a 
flattened Z-series (G) and a 3D reconstruction in the X-Z and Y-Z axes showed no co-
localization (H). CB2R-IR was not present throughout cones outside of the central region, as 
illustrated in the overlay of the two micrographs (D-F). This overlay clearly shows that the 
CB2R-immunoreactive outer processes were neighboring to the CB-immunoreactive cone 
photoreceptors. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 
layer. Scale bar = 75 µm. 
 
CB2R is not present in rod bipolar cells. Occasionally, there were CB2R-immunoreactive 
cell fibers in the proximal INL that looked like PKC-immunoreactive rod bipolar cell axons in 
the central retina (Figure 5A-C) and peripheral retina (Figure 5D-F). No PKC-immunoreactive 
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rod bipolar cell, including its cell body, axon and axon terminal, was co-localized with CB2R-
IR, confirming that CB2R-IR was not present in rod bipolar cells. 
 
Figure 5. Double-label immunofluorescence illustrating the localization of PKC and CB2R. 
A-F: Vertical sections showing PKC-positive fibers representing rod bipolar cell axons that 
appear co-localized near the fovea (A-B) and in the middle retina (D-F). CB2R-IR followed 
the Müller cell processes insinuating themselves between cell bodies of the neurons in the 
inner nuclear layer. No PKC-immunoreactive cell was CB2R-immunoreactive. OLM, outer 
limiting membrane; HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer. Scale bar = 75 µm. 
 
Horizontal cells do not express CB2R. CB2R-IR did not co-localize with PV-IR in the 
central retina (Figure 6A-C) and peripheral retina (Figure 6D-F) indicating that horizontal 
cells were not CB2R-immunoreactive. The PV-IR is classically associated with equal staining 
of 2 morphological types of horizontal cells in the primate retina (arrows), H1 and H2 
horizontal cells (Röhrenbeck et al., 1987), and no clear co-localization was found in any 
horizontal cells of the vervet monkey retina (Figure 6A-F). 
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Figure 6. Localization of parvalbumin (PV) and CB2R within the central and peripheral 
retina. Note that the CB2R labeling (magenta) is not located within PV-immunoreactive 
horizontal cell somata and processes (green). High-magnification images of PV, CB2R, and 
merged views, respectively in the central retina (A-C) and in the middle retina (D-F). 
Occasional CB2R-immunoreactive fibers in the OPL surround the horizontal cell somata 
(arrows). HFL, Henle fiber layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, 
inner nuclear layer. Scale bar = 37.5 µm for A-C and 75 µm for D-F. 
 
CB2R is not present in amacrine cells. The monoclonal antibody HPC-1 that recognizes 
syntaxin in horitzontal and amacrine cells was used to evaluate CB2R-IR expression in 
amacrine cells (Figure 7A-C). Despite variations in intensity of immunolabeling, virtually no 
amacrine cells showed expression of CB2R-IR in the central retina (Figure 7D-F) or the 
middle retina (Figure 7G-I). Although there was no visible expression of CB2R in horizontal 
cells (arrows) and amacrine cells (arrowheads), the staining found in the layers of horizontal 
and amacrine cells was limited to the Müller cell processes (Figure 7B and 7E). 
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Figure 7. Double-label immunofluorescence illustrating the localization of syntaxin (green) 
and CB2R (magenta) in the monkey retina. A-C: Syntaxin-immunoreactive horizontal 
(arrows) and amacrine cells (arrowheads) were clearly not labeled with CB2R in the central 
retina. D-F: Higher magnification of syntaxin-IR and CB2R-IR in the central retina. G-I: 
Syntaxin-IR and CB2R-IR in the middle retina. Syntaxin-IR labeled heavily the membrane of 
horizontal cells in the OPL but lightly their cytosol, and also labeled heavily the membrane of 
amacrine cells and IPL but lightly their cytosol. OPL, outer plexiform layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer. 
Scale bar = 75 µm for A-C and G-I, and 37.5 µm for D-F. 
 
CB2R is absent in ganglion cells. Brn3a immunoreactivity specifically labels retinal ganglion 
cell nuclei. CB2R-IR was not detected in ganglion cell bodies (arrowheads) either in the 
central (Figure 8A-C) or middle retina (Figure 8D-F). Displaced Brn3a-positive cells located 
in the IPL were not CB2R-immunoreactive (arrows). Double-labeling Brn3a/CB2R showed 
that CB2R was not expressed in ganglion cells. 
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Figure 8. Double-label immunofluorescence illustrating localization of CB2R (magenta) and 
Brn3a (green) in the central retina (A-C) and in the middle retina (D-F). The antibody against 
Brn3a labels the nucleus of ganglion cells in the monkey retina and these cells were not CB2R 
immunoreactive. The occasional labeling of CB2R in the ganglion cell layer was localized in 
the Müller cells inner processes. Arrows point at Brn3a positive cell that is not localized in the 
GCL and arrowheads indicate Brn3a positive ganglion cells that are not CB2R-
immunoreactive. ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer. Scale bar = 75 µm. 
 
Differential CB1R and CB2R labeling. Double-labeling of CB1R-IR and CB2R-IR was 
performed in a retinal sample of 2 mm eccentricity from the fovea (Figure 9A-C) and of 6 mm 
eccentricity from the fovea (Figure 9J-L) to differentiate the localization of these cannabinoid 
receptors. There was no large overlap in the expression of these two receptors in the ONL, 
INL, IPL, and GCL, but apparent overlap in the HFL. Detailed analysis of the expression of 
CB1R for each cell type has been previously characterized (Bouskila et al., 2012) and precise 
expression of CB2R is presented in Figures 3-8. Note that for the most part, CB1R expression 
is found throughout the retinal neurons of the monkey retina and CB2R in the retinal Müller 
cells. In order to distinguish CB1R-IR from CB2R-IR in the HFL, a 6 mm eccentricity sample 
of the monkey retina was taken, as the HFL is only present in the central retina close to the 
fovea. Figure 9A-C shows immunostaining for the complete protocol where strong signals for 
both CB1R (Figure 9A) and CB2R (Figure 9B) can be seen. Figure 9D-F illustrates the first 
control in which the second primary antibody was omitted: a clear signal for CB1R (Figure 
9D) whereas no staining for CB2R (Figure 9E). Figure 9G-I presents the results for the second 
control where the first secondary and second primary antibodies were omitted: no staining for 
  100 
CB1R (Figure 9G) and CB2R (Figure 9H). Figure 9J-L clearly shows no co-localization of 
CB1R (Figure 9J) and CB2R (Figure 9K) in the outer retina. Arrowheads follow a CB1R-
positive cone cell body and axon; note that CB2R-positive Müller cell processes envelop this 
cone. These data are summarized in Figure 10A for all retinal cell types. 
 
Figure 9. Comparison of CB1R and CB2R retinal expressions. Confocal micrographs of 
retinas co-immunolabeled for CB1R (green) and CB2R (magenta). CB1R (A, D, G, J), CB2R 
(B, E, H, K) signals, and their overlay (C, F, I, L). A-C: Complete sequential protocol in the 
central retina. D–F: The second primary antibody was omitted. G–I: The first secondary and 
second primary antibodies were lacking. J-L: Localization of CB1R and CB2R in the outer 
retina. Arrowheads follow a CB1R-positive cone cell body and axon, and CB2R-positive 
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Müller cells processes that enroll this cone. ONL, outer nuclear layer; HFL, Henle fiber layer; 
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 
75 µm. 
 
Figure 10. Schematic illustration representing the localization of the principal cannabinoid 
receptors (A) and a hypothetical function for CB2R (B) in the monkey retina. CB1R is 
localized in neural components and CB2R in glial components (Müller cells). Color bars in the 
legend indicate the intensity of CB1R (green) and CB2R (magenta) expressions. OS/IS, outer 
and inner segments of rods and cones; ONL, outer nuclear layer; OPL, outer plexiform layer; 
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; C, cones; R, 
rods; H, horizontal cells; B, bipolar cells; A, amacrine cells; G, retinal ganglion cells; M, 
Müller cells. 
 
Triple labeling of CB2R, GS, and Kir4.1. Triple immunofluorescent labeling was performed 
in order to verify if potassium channels co-localize with CB2R in Müller cells. Expression of 
Kir4.1 was found in CB2R positive and GS positive Müller cells of the central retina. Co-
expression of CB2R and Kir4.1 was found in the HFL but scarcely in the proximal parts of 
Müller cells (Figure 11A-D). There was a large overlap in the expression of GS and Kir4.1 in 
the INL, IPL, and GCL (Figure 11E-L). 
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Figure 11. Triple immunofluorescent labeling of CB2R, glutamine synthetase (GS), and the 
potassium ion channel Kir4.1 in the monkey central retina. Each protein is presented alone in 
gray scale in the first columns. The merge image is presented in the last column (CB2R in 
blue, GS in red, and Kir4.1 in green). A-D: Low magnification images showing Kir4.1 and 
CB2R expression in GS positive Müller cells. E-H: High magnification images of Kir4.1, 
CB2R, and GS immunoreactivity in the distal retina showing co-localization of CB2R and 
Kir4.1 in Müller cell fibers of the Henle fiber layer. I-L: High magnification images of Kir4.1 
expression in the proximal retina. HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner 
plexiform layer; GCL, ganglion cell layer. Scale bar = 75 µm for A-D and 30 µm for E-L. 
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Discussion 
This study reports the presence of cannabinoid CB2 receptor (CB2R) in Müller cells of 
the vervet monkey retina. These findings are important because, although the presence of 
CB1R in the monkey retina is well established (Straiker et al., 1999; Bouskila et al., 2012), we 
are still far from identifying the exact role of eCB signaling in the monkey retina. 
Furthermore, CB2R has been previously ascribed a critical role in CNS glial function (Cabral 
et al., 2008) and its visual function remains elusive. Our aim was to characterize further the 
retinal localization of cannabinoid receptors, especially by comparing CB2R expression 
profile with CB1R localization. We demonstrate here that CB2R is present in the retina of the 
vervet monkey and specifically in retinal Müller cells. These data, in agreement with CB2R 
glial expression in the CNS, suggest that the CB2 receptor plays a role in retinal functions. 
 
There are 3 types of glial cells in the primate retina: Müller cells, astrocytes and 
microglia. Müller cells are the principal glial cells of the retina and are radially oriented across 
the thickness of the retina, analogous to CB2R expression profile in the distal retina. Their 
processes extend from the outer limiting membrane to the inner limiting membrane. Given that 
the expression of the CB2R followed the same pattern, with a higher polarization towards the 
outer retina, we suggest that CB2R is localized in these glial cells, verified by the co-
localization of CB2R-IR with GS-IR. Müller cell processes surround neuronal cell bodies in 
the nuclear layers and envelop groups of neural processes in the plexiform layers. A 3D 
visualization was therefore needed in order to determine whether or not CB2R-IR was present 
in neurons. The outer limiting membrane, which represents the outer border of CB2R 
expression, is composed of junctions among Müller cells, and photoreceptor cells. However, 
CB2R-IR was not detected in the apical villi of Müller cells that extend distally from the 
OLM. The inner limiting membrane, formed by the conical endfeet of Müller cells, appeared 
devoid of CB2R-IR. Müller cells also form endfeet on the large retinal blood vessels at the 
inner surface of the retina. Given the apparent absence of CB2R-IR in the most proximal 
retina, CB2R may not have a role in the regulation of inner retinal blood vessels. 
 
The presence of CB2R in Müller cells and CB1R in the retinal neuronal cells, points towards a 
complementary relationship between neurons and glia regarding endocannabinoid function. 
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CB2R in Müller cells could protect neurons from exposure to excess neurotransmitters such as 
L-glutamate (Placzek et al., 2008). Generally, CB2R activation leads to sequences of activities 
of a protective nature (Pacher and Mechoulam, 2011 for review). Stimulation of CB2R 
increases microglial cell proliferation (Carrier et al., 2004) and reduces the release of harmful 
factors, including tumor necrosis factor (TNF) and free radicals (Eljaschewitsch et al., 2006; 
Ramírez et al., 2005; See Stella, 2009 for review). In fact, exposure to eCBs in activated 
primary human Müller glia inhibited the production of several proinflammatory cytokines 
(Krishnan and Chatterjee, 2012). CB2R in Müller cells might therefore be an important player 
in inflammation, neurotoxicity and neuroprotection. The localization of CB1R in the 
photoreceptor layer already suggested that the transduction of light (Yazulla, 2008) occurring 
at this stage could also be modulated by the CB2R expressed in distal Müller cells fibers. 
Perhaps, the whole eCB system participates in the modulation of light transduction, where 
CB1R is neuronal and CB2R glial. The expression of CB1R in bipolar cells, shown by double-
labeling with CHX10 and PKC retinal cell type markers, suggested that the eCB system acts 
as an autoregulation system that modulates the signal received by the photoreceptors in order 
to transmit it to ganglion cells (Yazulla et al., 1999; Yazulla, 2008; Bouskila et al., 2012). 
Similarly, this could also occur in horizontal and amacrine cells that show little expression of 
CB1R (Bouskila et al., 2012). Finally, it is possible that the results of Lu et al. (2000) who 
demonstrated the expression of CB2R in the ganglion cell layer of the adult rat retina using in 
situ hybridization and RT-PCR did include CB2R-immunoreactive Müller cell processes. In 
agreement with the latter study, using immunohistochemistry and cell morphology, López et 
al. (2011) suggested that CB2R was localized in photoreceptors, horizontal cells, amacrine 
cells and cells localized in the GCL of the adult rat retina. These studies differ with ours not 
only regarding the animal model (rat versus monkey) but the choice of the antibody used. 
While we used an antibody targeted against the 20-33 amino acids of the human CB2R, López 
et al., (2011) used an antibody against residues 326–342 of the rat CB2R. Moreover, double-
labeling of CB2R with a retinal cell marker was not performed and given that Müller cells 
envelop the cell bodies in the GCL it could be CB2R positive cells. In addition, CB1R-IR in 
the Henle fiber layer and ganglion cell layer of the monkey retina has the most prominent 
staining found throughout the retinal layers (Bouskila et al., 2012), as opposed to only the 
Henle fiber layer that has the highest CB2R signal. Recently, Krishnan and Chatterjee (2012) 
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showed that CB2R protein was expressed in homogenates of 12-18 days ex vivo retinal 
explants and 18 days in vitro primary Müller glia from human retina by Western blotting. We 
provide here direct evidence for the in vivo expression pattern of CB2R in monkey Müller 
cells by immunohistochemistry. 
 
Hypothetical functional consequences 
Activation of photoreceptors by light evokes an increase of K+ ions in the retinal extracellular 
space (Newman and Reichenbach, 1996). In order to maintain an electrolytic balance, Müller 
cell inwardly rectifying K+ channels (KIR) release the excess K+ ions into the vitreous. This 
spatial buffering mechanism is termed K+ siphoning (Newman et al., 1984). Immunoreactivity 
to the KIR4.1 channel in rat retina was densely distributed around photoreceptor cells in ONL, 
where the distal ends of Müller cells surround PR cells, and in a scattered manner around 
ganglion cells in GCL in rat retina (Ishii et al., 1997). Interestingly, KIR4.1-IR as reported by 
Ishii et al., (1997) for the rodent retina is similar to CB2R expression found in Müller cells in 
the present study in the monkey central retina (Figure 11). The cellular origin of the b-wave 
component of the ERG is attributed to an interaction between ON-bipolar cells and Müller 
cells (Stockton and Slaughter, 1989; Wen and Oakley, 1990). The b-wave of the ERG reflects 
the K+ mediated spatial buffering currents of Müller cells (Miller and Dowling, 1970; Kline et 
al., 1985). Moreover, blocking K+ channels in Müller cells reduces the ERG b-wave (Wen and 
Oakley, 1990). Given that activation of CB2R leads to a reduction of cAMP and PKA levels 
due to coupling via Gi/o (Howlett et al., 2002 for review Bolognini et al., 2010) and that PKA 
increases the activity of KIR4.1 channels in Müller cells (MacGregor et al., 1998), it is 
reasonable to propose that CB2R plays a role in the generation of the b-wave. CB2R could act 
therefore as a negative modulator of K+ channels. Conversely, blocking CB2R activates K+ 
channels (because of the constitutive activity of CB2R) that in turn produce a constant influx 
of K+ ions into the Müller cell and an enlarged b-wave (Figure 10B). Further experiments are 
however still needed in order to verify this retinal CB2R putative function. 
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Abstract 
Cannabinoids exert their actions mainly through two receptors, the cannabinoid CB1 
receptor (CB1R) and cannabinoid CB2 receptor (CB2R). In recent years, the G-protein 
coupled receptor 55 (GPR55) was suggested as a cannabinoid receptor based on its activation 
by anandamide and tetrahydrocannabinol. Yet, its formal classification is still a matter of 
debate. CB1R and CB2R expression patterns are well described for rodent and monkey 
retinas. In the monkey retina, CB1R has been localized in its neural (cone photoreceptor, 
horizontal, bipolar, amacrine and ganglion cells) and CB2R in glial components (Müller cells). 
The aim of this study was to determine the expression pattern of GPR55 in the monkey retina 
by using confocal microscopy. Our results show that GPR55 is strictly localized in the 
photoreceptor layer of the extrafoveal portion of the retina. Co-immunolabeling of GPR55 
with rhodopsin, the photosensitive pigment in rods, revealed a clear overlap of expression 
throughout the rod structure with most prominent staining in the inner segments. Additionally, 
double-label of GPR55 with calbindin, a specific marker for cone photoreceptors in the 
primate retina, allowed us to exclude expression of GPR55 in cones. The labeling of GPR55 in 
rods was further assessed with a 3D visualization in the XZ and YZ planes thus confirming its 
exclusive expression in rods. These results provide data on the distribution of GPR55 in the 
monkey retina, different than CB1R and CB2R. The presence of GPR55 in rods suggests a 
function of this receptor in scotopic vision that needs to be demonstrated. 
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Introduction 
The cannabis sativa (marijuana) plant contains a group of biologically active 
substances, termed cannabinoids (CBs), which influence many biological functions [1,2], 
including vision [3]. The CBs activate mainly two 7-transmembrane G protein-coupled 
receptors, the cannabinoid CB1 receptor (CB1R) that mediates most of the psychoactive 
effects of marijuana and the cannabinoid CB2 receptor (CB2R) that mediate the 
immunological effects. The persistence of cannabinoid effects in CB1R and/or CB2R 
knockout mice suggested the existence of additional cannabinoid receptors [4]. Following the 
identification and cloning of a novel human G-protein-coupled receptor 55 (GPR55), several 
cannabinoid ligands were shown to bind to it, suggesting that it could be a novel cannabinoid 
receptor [5]. Although some controversy remains, this receptor can be considered a 
cannabinoid receptor based on its activation by anandamide and THC, the main psychoactive 
compound of marijuana, at low micromolar concentrations [6-8]. Moreover, the endoCBs 
anandamide and virodhamine can modulate the activity of GPR55 [9]. However, 
lysophosphatidylinositol (LPI), an endogenous lipid mediator, has been described as the first 
ligand that potently and efficaciously activates GPR55 [6,8,10,11]. In fact, the 2-arachidonoyl 
species of LPI may be the true natural ligand of GPR55 [12]. Agonists and antagonists of 
GPR55 appear to recognize different domains of the receptor corresponding to their reported 
pharmacological activities [13]. The atypical cannabinoid O-1602 has also been shown to act 
upon GPR55 [14]. GPR55 stimulation releases calcium from intracellular stores via 
phospholipase C [6,8] and, in some cases, activates ERK1/2 MAP kinase [8,11]. Interestingly, 
GPR55 and CB1R are capable of forming heteromers that exhibit distinct signaling properties 
in human embryonic kidney (HEK293) cells [15]. Additionally, GPR55 has been shown to 
associate with lipid rafts thus having an impact on the biological activity of this receptor [16]. 
 
GPR55 mRNA is widely distributed from moderate to low levels in the CNS, in both 
neuron and glia, and is also found in the vasculature and other peripheral tissues [7]. Using 
real-time PCR, the expression of GPR55 was found in primary microglial cells, suggesting a 
role for GPR55 in neuroimmunological regulation [17]. Using quantitative PCR, GPR55 
mRNA expression was found in the striatum, hippocampus, forebrain, cortex, and cerebellum 
[18]. Human GPR55 mRNA is also strongly expressed in the basal ganglia (striatum, caudate 
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nucleus, and putamen), moderately in the nucleus accumbens, hypothalamus, and 
hippocampus, and weakly in the cerebellum [19]. While the overall human to mouse amino 
acid sequence similarity is 97% for CB1R, and 79% for CB2R, the human GPR55 protein 
sequence is only 74% identical to the mouse GPR55. Nevertheless, even though the 
immunohistochemical localization of GPR55 in the CNS is limited, it has been found in 
mouse dorsal root ganglia [6]. Interestingly, the GPR55 KO mouse develops normally, no 
defects in brain structures are detected, and the abundance of endocannabinoids and related 
lipids are not affected [18]. While GPR55 appears to satisfy the criteria of a cannabinoid 
receptor, its pharmacology is inconsistent with several of the non-CB1R/non-CB2R effects. 
Thus, additional cannabinoid receptors clearly remain to be identified. 
 
Expression patterns of CB1R and CB2R have been both localized in the vervet 
monkey retina [20,21]. There are numerous evidences that show that cannabinoids have many 
visual effects [3] but no data are available on the expression and role of GPR55. Cannabidiol, 
a bioactive compound of the plant cannabis sativa without psychotropic effects, has been 
shown to bind to GPR55 with very low binding capacity on CB1R and CB2R. Moreover, 
cannabidiol seems to have protective effects on retinal neurons [22]. A recent study 
demonstrated that knocking down the expression of GPR55 with specific shRNAs partially 
blocked the PEA-induced increase in aqueous humor outflow facility [23]. Although a 
complicated cannabinoid profile has prevented its classification as a cannabinoid receptor, the 
therapeutic potential of GPR55 cannot be denied [24]. The present study investigates the 
presence of GPR55 in the monkey retina, compares the spatial expression of GPR55 to that of 
CB1R and CB2R, and proposes a putative role for GPR55 in retinal functions. 
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Materials and Methods 
Choice of species. Monkey tissue, the experimental model for the current study, was chosen 
for several reasons. First, using monkey tissue allows us to infer more easily on what is really 
present in humans. Additionally, the anatomical similarity between the monkey and human 
retina is remarkable. Primates are mammals that have a macular/foveal region and multiple 
cone types responsible for high visual acuity and color vision. Finally, the high cross-
reactivity between human and monkey antigens increases chances of success for targeting 
GPR55 in monkeys using an antibody directed against human GPR55 epitope. 
 
Animal Preparation. Six 42 months-old vervet monkeys (Chlorocebus sabaeus) were 
included in this study: three were used for the immunochemistry protocols, and fresh 
specimens of retina, visual cortex, and cerebellum were collected from three others for 
immunoblotting. The animals were born and raised in enriched environments in the 
laboratories of the Behavioural Sciences Foundation (St-Kitts, West Indies) that is recognized 
by the Canadian Council on Animal Care (CCAC). The animals were fed with primate chow 
(Harlan Teklad High Protein Monkey Diet; Harlan Teklad, Madison, WI) and fresh local 
fruits, with water available ad libitum. Infant vervets are born into an outdoor social group 
comprising several females, one male and other offspring of the same general age. Infants live 
with their parents until about 8 months of age, at which time they move to a playpen with 5 
other age-mates. The natal cage is equipped with swings, perches, hiding places and jungle 
gyms. We do put in toys, but the animals are so busy playing with one another that they ignore 
the toys. In the smaller playpens, there are also swings, perches and climbing spots, as well as 
puzzle feeders and foraging boards. At about 18 months of age, youngsters graduate to a large, 
outdoor peer group of about 16 animals (like-ages, both sexes) where there are tunnels, 
swings, ladders, jungle-gyms and a variety of manipulanda (more complex puzzle feeders; 
natural forage opportunities, such as brush and vines; foraging boards). Plastic chain and 
baited balls are popular toys, but vervets of this age are uninterested in most other 
commercially available toys. The experimental protocol was reviewed and approved by the 
local Animal Care and Use Committee (Université de Montréal) and the Institutional Review 
Board of the Behavioural Science Foundation. Each animal was sedated with ketamine (10 
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mg/kg, i.m.), deeply anaesthetized with sodium pentobarbital (25 mg/kg, i.v.) and perfused 
transcardially with phosphate buffer saline (PBS pH 7.4), followed by 4% paraformaldehyde. 
 
Antibody characterization. All the primary antibodies used in this work, their sources and 
working dilutions, are summarized in Table 1. These antibodies were successfully used in 
previous studies and are well characterized in regards to the specific primate retinal cell type 
immunostaining, as described below for each antibody. 
 
Table 1. Primary antibodies used in this study. 
Antibody1 Immunogen Source2 
Working 
dilution 
Rhodopsin Bovine rhodopsin 
Abcam, Toronto, ON, ab98887, Mouse 
monoclonal, Clone Rho 4D2 
H: 1:500 
CB Purified bovine kidney calbindin-D28K 
Sigma, St. Louis, MO, C9848, Mouse 
monoclonal, Clone CB-955 
H: 1:250 
GS Full protein purified from sheep brain 
Chemicon, Temecula, CA, MAB302, Mouse 
monoclonal, Clone GS-6 
H: 1:500 
PKCα 
Peptide mapping the aa 296-317 of human 
PKCα 
Santa Cruz Biotechnology, Santa Cruz, CA, 
sc-8393, Mouse monoclonal, Clone H-7 
H: 1:500 
PV Full protein purified from frog muscle 
Sigma, St. Louis, MO, P3088, Mouse 
monoclonal, Clone PARV-19 
H: 1:250 
CB1R Fusion protein containing aa 1-77 of rat CB1R 




Synthetic peptide from aa 20-33 of human 
CB2R 




Synthetic peptide from aa 207-219 of human 
GPR55 




GAPDH The full-length rabbit muscle GAPDH protein 
Sigma, St. Louis, MO, G8795, Mouse 
monoclonal, Clone GAPDH-71.1 
W: 
1:20,000 
1Abbreviations: CB, calbindin; GS, glutamine synthetase; PKCα, protein kinase C (α isoform); PV, parvalbumin; 
CB1R, cannabinoid receptor type 1; CB2R, cannabinoid receptor type 2; GPR55, G-protein coupled receptor 55; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; aa, amino acids; H, immunohistochemistry; W, western 
blot. 
2The source column indicates the commercial company, catalog reference and origin. The clone designation is 
given for monoclonal antibodies. 
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Rhodopsin. The mouse monoclonal (IgG1) to rhodopsin from Abcam (Cambridge, MA) was 
obtained by using as immunogen the bovine rhodopsin. This antibody recognizes a 39 kDa 
band on Western Blots and is predicted to react with human retinal tissues (manufacturer’s 
data sheet). It has been proven effective to specifically label rods in the rodent retina [25]. 
 
CB. The mouse monoclonal (IgG1) to calbindin (CB) from Sigma (St. Louis, MO) was 
obtained by using as immunogen purified bovine kidney Calbindin-D-28K. This antibody 
recognizes a 28 kDa band on Western Blots. Immunostaining against calbindin is known to 
label cones outside the foveal region, cone bipolar cells and a subset of horizontal cells on 
human and monkey retinal sections [20,21,26-30]. 
 
GS. The mouse monoclonal to glutamine synthetase (GS) was obtained from Chemicon 
International (Temecula, CA) by using as immunogen the GS purified from sheep brain. This 
antibody generates a single 45 kDa band in adult retinal tissue [31]. This antibody labels 
Müller cells in rat [32-34] and monkey [20,21,35] retinas. 
 
PKCα. The mouse monoclonal (IgG2a) to protein kinase C (PKC) was obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA) by using as immunogen purified bovine PKC. The 
epitope is mapped to PKC hinge region (amino acids 296–317). It detects the PKCα isoform, a 
well-known specific marker for rod bipolar cells [36]. As stated by the manufacturer, this 
antibody gives a single band of 80 kDa on Western blots of human cell lines, and has been 
previously used for immunohistochemistry on rodent [33,34] and monkey [20,21,29,37] 
retinas. 
 
PV. The mouse monoclonal (IgG1) to parvalbumin (PV) was obtained from Sigma (St. Louis, 
MO) by using as immunogen purified frog muscle PV. It recognizes a 12 kDa band from 
human, bovine, pig, canine, feline, rabbit, rat, and fish tissues (manufacturer’s technical 
information). The pattern of labeling with this antibody was the same as reported previously 
[28,38]. This small calcium-binding protein is expressed in the primate retina by horizontal 
cells [39] and the antiserum has been used to visualize monkey thalamic nuclei [40] and vervet 
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monkey horizontal cells [21]. 
 
GPR55. The rabbit anti-GPR55 was obtained from Cayman Chemical (Ann Arbor, MI) by 
using as immunogen a synthetic peptide corresponding to the amino acids 207-219 
(ILLGRRDHTQDWV) of the human GPR55 sequence. This antibody recognizes a band at 
37 kDa (manufacturer’s data sheet, 10224). This antibody was characterized and used to detect 
GPR55 expression in human trabecular meshwork cells [23]. 
 
CB1R. The rabbit anti-CB1R was obtained from Sigma (St. Louis, MO) by using a highly 
purified fusion protein containing the first 77 amino acid residues of the rat CB1R as the 
immunogen. It recognizes a major band of 60 kDa and less intense bands of 23, 72, and 
180 kDa (manufacturer's data sheet, C1233). This antibody targets the rat CB1R but 
specifically recognizes the CB1R (60 kDa) from many species, including vervet monkey 
retinal tissue [20,21]. 
 
CB2R. The rabbit anti-CB2R was purchased from Cayman Chemical (Ann Arbor, MI) and 
was developed by using a synthetic peptide corresponding to the amino acids 20-33 
(NPMKDYMILSGPQK) of the human CB2R sequence conjugated to KLH as immunogen. 
This antibody recognizes a band at 45 kDa and a band at 39-40 kDa (manufacturer’s data 
sheet, 101550). This antibody was used in human nervous tissues [41,42] and to detect CB2R 
from vervet monkey retinal tissue [21]. 
 
GAPDH. The mouse monoclonal to GAPDH (clone GAPDH-71.1) was obtained from Sigma 
(St. Louis, MO) by using as immunogen purified rabbit muscle GAPDH (whole molecule). As 
stated by the manufacturer, this antibody recognizes monkey GAPDH and gives a single band 
at about 37 kDa. 
 
GPR55 blocking peptide. The GPR55 blocking peptide containing the human GPR55 amino 
acid sequence 207-219 (ILLGRRDHTQDWV; Cayman Chemical; catalog number 10225) 
was used in the present study for immunohistochemistry and western blot analysis. The 
specificity of the GPR55 antibody was also tested by preincubation with the corresponding 
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blocking peptide. For preadsorption, 20 µg of primary antibody was mixed with 20 µg of 
blocking peptide for 2 hours at room temperature with occasional inversion. We then diluted 
that mixture 1:200 making a final concentration of 10 µg/ml of preadsorbed antibody. The 
antibody-blocking peptide solution was added to the slices or blots and subsequent 
immunohistochemistry and western blot analysis followed the protocol as described further. 
 
Tissue preparation. The eyes were extracted and the retina was dissected free from the 
eyecup in a PBS bath. The retina was laid flat so that the vitreous body could be removed by 
blotting with filter paper and gentle brushing [43]. Samples of retina (4 mm2) were taken from 
the extrafoveal retina (between 1 and 5 degrees of perimetric angle), middle retina (between 6 
and 25 degrees of perimetric angle) and periphery (above 25 degrees of perimetric angle). 
Each sample was then cryoprotected in 30% sucrose overnight and embedded in Shandon 
embedding media at -650C. Retinal samples were then sectioned in a cryostat (18 µm) and 
mounted onto gelatinized glass microscope slides, air-dried and stored at -200C for further 
processing. 
 
Western blotting. In order to test the specificity of our antibodies directed against GPR55, 
Western blots were performed on a piece of monkey tissue. A fresh dissected sample of retina, 
visual cortex, and cerebellum was homogenized by hand using a sterile pestle in RIPA buffer 
(150 mM NaCl, 20 mM Tris, pH 8.0, 1% NP-40 (USB Corp., Cleveland, OH, USA), 0.1% 
SDS, 1 mM EDTA), supplemented with a protease inhibitor mixture (aprotinin (1:1,000), 
leupeptin (1:1,000), pepstatin (1:1,000) and phenylmethylsulfonyl fluoride (0.2 mg/ml); Roche 
Applied Science, Laval, QC, Canada). Samples were then centrifuged at 4°C for 10 minutes, 
and the supernatant was extracted and stored at -20°C until further processing. Protein content 
was equalized by using a Thermo Scientific Pierce BCA Protein Assay Kit (Fisher Scientific, 
Ottawa, ON, Canada). Thirty micrograms of protein/sample of the homogenate was resolved 
with 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred onto 
a nitrocellulose membrane filter (BioTrace NT, Life Sciences, Pall, Pensacola, FL), blocked 
for 1 hour in 5% skim milk (Carnation, Markham, ON, Canada) in TBST (0.15 M NaCl, 
25 mM Tris-HCl, 25 mM Tris, 0.5% Tween- 20), and incubated overnight with a primary 
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antibody, namely, rabbit anti-GPR55 (1:500) in blocking solution. The following day, the blot 
was exposed to a secondary antibody conjugated to horseradish peroxidase (1:5,000; Jackson 
ImmunoResearch, West Grove, PA) in blocking solution for 2 hours. Detection was carried 
out by using homemade ECL Western blotting detection reagents (final concentrations: 
2.50 mM luminol, 0.4 mM p-coumaric acid, 0.1 M Tris-HCl pH 8.5, 0.018% H2O2). The 
membrane was then air-stripped, reblocked, and exposed to a second primary antibody, 
namely mouse anti-GAPDH (1:20,000), until all proteins of interest were tested. 
 
Immunohistochemistry. Single- and double-labeling of the retina were performed according 
to previously published methods [20,21]. Briefly, sections were postfixed for 5 minutes in 
70% ethanol, rinsed 3 x 5 minutes in 0.1 M Tris buffer, pH 7.4/0.03% Triton and blocked for 
90 minutes in 10% normal goat serum (NDS) in 0.1 M Tris buffer/0.5% Triton. Sections were 
incubated overnight at room temperature with primary antibody in blocking solution. The 
GPR55 antibody was used conjointly with a known specific retinal cell type marker: 
rhodopsin, calbindin, glutamine synthetase, PKCα, or PV (Table 1). The next day, sections 
were washed for 10 minutes and 2 x 5 minutes in 0.1 M Tris /0.03% Triton, blocked in 10% 
NDS, 0.1 M Tris /0.5% Triton for 30 minutes and incubated with secondary antibody for 1 
hour: Alexa 488 donkey anti-mouse, and biotinylated donkey anti-rabbit followed by the 
addition of streptavidin-Alexa 647 (1:200), all in a blocking solution as described above. 
Sections were washed again in Tris buffer, counterstained with bisbenzimide (Hoechst 33258, 
Sigma, 2.5 µg/mL), a fluorescent nuclear marker, and coverslipped with Fluoromount-GTM 
Mounting Medium (SouthernBiotech, Birmingham, AL). 
 
Confocal microscopy. Fluorescence was detected with a Leica TCS SP2 confocal laser-
scanning microscope (Leica Microsystems, Exton, PA), using a 40X (n.a: 1.25 – 0.75) or a 
100X (n.a: 1.40 – 0.7) objective. Images were obtained sequentially from the green and far-red 
channels on optical slices of less than 0.9 µm of thickness. When co-expression of GPR55 and 
retinal cell markers was ambiguous in some retinal layers, co-labeling or its absence was 
demonstrated by taking z-stacks with optimized steps. This allowed for visualization of the 
cells in the X-Y, X-Z and Y-Z axes, thereby confirming the presence or absence of GPR55 in 
specific retinal cells. All photomicrograph adjustments, including size, color, brightness, and 
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contrast were done with Adobe Photoshop (CS5, Adobe Systems, San Jose, CA) and then 
exported to Adobe InDesign (CS5, Adobe Systems, San Jose, CA), where the final figure 
layout was completed. The schematic panels were created using Adobe Illustrator (CS5, 
Adobe Systems, San Jose, CA). 
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Results 
Expression profile of GPR55 in monkey retina 
In order to determine GPR55 antibody specificity in the vervet monkey, we carried out 
immunoblots on homogenates of fresh vervet monkey retina (Figure 1A – lane 1), visual 
cortex (Figure 1A – lane 2), and cerebellum (Figure 1A – lane 3). The expected band was 
noted at 37 kDa for each type of homogenate. Additional protein signals were detected below 
37 kDa in the visual cortex homogenate and above 37 kDa in the cerebellum homogenate, but 
pre-incubation with GPR55 blocking peptide completely abolished antibody signals (Figure 
1B). The GAPDH antibody was used in the same blot to ensure the proper equalization and 
loading of all samples (Figure 1A and 1B, lower panels). As an added control, the GPR55 
antibody was preadsorbed against its blocking peptide prior to incubation with retinal sections, 
resulting in an absence of staining signal in the section (Figure 1D). GPR55-immunoreactivity 
(IR) is present throughout the monkey retina, extending from the extrafoveal region to the 
periphery and densely expressed in rods (Figure 1C and Figure 2). GPR55 is absent in cones, 
and outer Müller glial cell processes (Figure 3 and Figure 4). While cone cell bodies are 
located in a single row right below the outer limiting membrane, rod cell bodies make up the 
rest of the ONL below the cone cell bodies. Careful examination of photoreceptors stained 
with Sytox green, a nuclear stain, and GPR55 indicates an absence of GPR55 expression in the 
nuclei of rods (Figure 1E-F, arrows). 
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Figure 1. Characterization of GPR55 antibody in the vervet monkey. Western blot analysis of 
total protein samples from retina (A – lane 1), visual cortex (A – lane 2) and cerebellum (A – 
lane 3) showing detection of the expected protein band at 37 kDa. The band was not detected 
when the antibody was pre-incubated with the corresponding GPR55 blocking peptide (BP) (B 
– lanes 1-3). All lanes contained 30 µg of total protein. The lower blots for GPR55 and 
GPR55-BP show the expression of the protein GAPDH and demonstrates equal loading in all 
lanes. Immunohistochemistry on vervet retinal tissue with the anti-GPR55 antibody revealed a 
unique staining profile (C). When the GPR55 antibody was pre-incubated with its BP, it 
revealed an absence of staining (D). Double-label of Sytox (green) and GPR55 (magenta) 
indicated that GPR55 was not present in the nuclei of rods (E-G, arrows). ONL, outer nuclear 
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 
ganglion cell layer. Scale bar = 75 µm for C-D and 15 µm for E-G. 
 
Cellular localization of GPR55 in the retina 
The ONL is composed of cone and rod nuclei. There are also Müller cell outer processes that 
enroll these cell bodies. To distinguish cones and rods, double immunolabeling with cell 
specific markers was performed. Double-label of GPR55 with rhodopsin, a specific rod 
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photoreceptor cell marker, allowed us to restrict the labeling to rod photoreceptors (Figure 2). 
Our results also show that GPR55 was not localized in cone photoreceptors of the monkey 
extrafoveal and middle retina (Figure 3). Dense GPR55 immunostaining was detected around 
the cone outer segments (Figure 3). High magnification of the PRL let us identify one cell 
population immunostained with GPR55 antibody. In the three pairs of retinas used for 
immunohistochemistry, we found the same staining pattern. No differences in the expression 
of GPR55 with regard to eccentricity were observed. 
 
Figure 2. Double-label confocal immunofluorescence illustrating localization of rhodopsin 
and GPR55 in the monkey extrafoveal, middle, and peripheral retina. Rhodopsin-IR (green) 
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was not restricted to the rod outer segments; however, this region had the most prominent 
staining. Note that GPR55-IR (magenta) is present throughout the rods, with the most 
prominent staining in the inner segments, and very faint staining in the outer segments and 
spherules. Arrows point to perinuclear staining. Rhodopsin-IR labeled rod photoreceptors in 
the monkey extrafoveal (A-C), middle (D-F), and peripheral retina (G-I), and these were 
GPR55 immunoreactive. Note that GPR55-IR is co-localized with rhodopsin-IR, and a 3D 
reconstruction in the X-Z and Y-Z axes showed no co-localization in rods nuclei (J). ONL, 
outer nuclear layer; HFL, Henle fiber layer; OPL, outer plexiform layer. Scale bar = 75 µm for 
A-C, 30 µm for D-I, and 15 µm for J. 
 
Figure 3. Double-label confocal immunofluorescence illustrating localization of calbindin 
(CB) and GPR55. Flattened Z-series showing CB-immunoreactive cones photoreceptors 
(green) in the monkey extrafoveal (A-C) and middle (D-F) retina, and these were not GPR55-
immunoreactive (magenta). Note that GPR55-IR appears co-localized around the cones, but a 
3D reconstruction in the X-Z and Y-Z axes showed no co-localization (G). This micrograph 
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shows that the GPR55-immunoreactivity was adjacent to the CB-immunoreactive cone 
photoreceptors. ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar = 30 µm. 
 
No GPR55 expression in Müller cells 
Double-labeling of GPR55 and GS, a specific marker for labeling both somata and processes 
of Müller cells [20,21], was performed for assessing the expression of GPR55 in Müller cells. 
As shown in Figure 4, Müller cells span the entire neural retina and their processes expand in 
the GCL to form characteristic endfeet. No GPR55 immunoreactivity was detected in GS-
positive somata and processes of Müller cells (Figure 4). 
 
Figure 4. Double-label confocal immunofluorescence illustrating localization of glutamine 
synthetase (GS) and GPR55. GS-IR (green), labeling Müller cells in the primate retina, did not 
colocalize with GPR55-IR (magenta) in vertical sections taken from the extrafoveal region (A-
C). Arrows indicate the projections of the Müller cell membrane in the apical margin known 
as apical villi that lack GPR55. Arrowheads point at Müller cell bodies that do not express 
GPR55. The absence of GPR55 and GS colocalization in Müller cells villi and cell bodies is 
also shown in vertical sections taken from the peripheral retina (D-F). HFL, Henle fiber layer; 
ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 
cell layer. Scale bar = 75 µm for A-C and 30 µm for D-F. 
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No GPR55 expression in horizontal and bipolar cell extensions in the OPL 
We wanted to know if the little GPR55 expression found in rod spherules was also present in 
horizontal and bipolar cells outer processes. Double label of PKC, a rod bipolar cell marker, 
and GPR55 allowed us to establish that GPR55 was strictly localized in rods. Dendritic fibers 
of rod bipolar cells were rather juxtaposed to GRP55 immunoreactive rod spherules (Figure 
5A-C). Moreover, GPR55 did not colocalize with parvalbumin, a marker that labels primate 




Figure 5. Double-label confocal immunofluorescence illustrating localization of PKC or 
parvalbumin (PV) and GPR55. PKC-IR (green), labeling specifically rod bipolar cells, did not 
colocalize with GPR55-IR (magenta) in vertical section taken from the middle retina (A-C). 
Additionally, PV-IR (green), marking horizontal cells in the primate retina, did not colocalize 
with GPR55-IR (magenta) vertical section taken from the middle retina (D-F). Scale bar = 
30 µm for A-C and 75 µm for D-F. 
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Labeling of GPR55, CB1R, and CB2R 
The GPR55, CB1R, and CB2R antibodies that we selected came from the same host, making 
the use of simultaneous double-labeling protocol not adequate. We therefore used serial 
sections to compare the distribution of CB1R, CB2R, and GPR55 (Figure 6A-C). These 3 
receptors are differentially expressed in the retina. CB1R is found in the neural retina, 
including the photoreceptors (cones with a prominent staining in their outer segments and 
pedicles, and rods with little staining restricted to their spherules), the horizontal cells, the 
bipolar cells, amacrine cells, and ganglion cells. CB2R is found in the glial component of the 
retina, namely Müller cells. GPR55 is exclusively expressed in rods, with a prominent signal 
in the inner segments. These data are summarized schematically in Figure 6D for all retinal 
cell types. 
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Figure 6. Confocal immunofluorescence images and a schematic illustration representing the 
localization of CB1R, CB2R, and GPR55 in the monkey retina. CB1R is localized in neural 
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components, with very weak (albeit absence) of GPR55-IR in rods (A). CB2R is strictly 
expressed in the glial components, the Müller cells (B). GPR55 is found exclusively in rods, 
with the most prominent staining in the inner segments (C). Color bars in the schematic 
illustration (D) indicate the intensity of CB1R (green), CB2R (magenta), and GPR55 (blue) 
expressions. OS/IS, outer and inner segments of rods and cones; ONL, outer nuclear layer; 
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 
ganglion cell layer; C, cones; R, rods; H, horizontal cells; RB, rod bipolar cells; CB, cone 
bipolar cells; A, amacrine cells; G, retinal ganglion cells; M, Müller cells. Scale bar = 75 µm. 
 
 
  135 
Discussion 
The present results demonstrate the existence of GPR55 in the monkey extrafoveal and 
peripheral retina. The localization of GPR55 in rods is important because, although the 
presence of CB1R and CB2R in the monkey retina is well established [20,21,44], we are still 
far from identifying the exact role of the cannabinoid receptors in primate retinal functions. 
The data presented here provide new information concerning cannabinoid receptors’ 
expression in the monkey retina, and suggest new directions for uncovering their functions. It 
is somewhat surprising that protein from CB1R, CB2R, and GPR55 is detectable in distinct 
cell types of the monkey retina. 
 
CB1R was localized in the neural components of the monkey central and peripheral 
retina [20]. CB1R immunoreactivity was present in cones, horizontal cells, bipolar cells, 
amacrine cells and ganglion cells. The most prominent expression of CB1R was found in the 
cones of the fovea centralis. The exact role of this receptor in retinal function is unknown 
although there is general agreement that cannabinoids suppress dopamine release and reduce 
neurotransmitter release from cones and bipolar cells [3]. 
 
CB2R neuronal expression has been ambiguous and controversial, but nevertheless, the 
majority agrees on the presence of this receptor in glial components of the CNS. Indeed, 
CB2R was detected in the glial component of the monkey retina, Müller cells [21]. The role of 
this receptor has been hypothesized and suggests that it is an important player for the 
regulation and buffering of potassium following light activation in the retina. 
 
GPR55 expression was found specifically in rod photoreceptors and enriched in the 
inner segment, although smaller amounts of this protein could be detected essentially 
throughout the rods of the extrafoveal and peripheral regions of the retina. It is plausible that 
such an asymmetric distribution of GPR55 reflects its function in phototransduction in relation 
with transducin. 
 
Given that CB1R is present in the neuroretina, CB2R in the retinal glia, and GPR55 in 
rods, we can hypothesize that each of these receptors has a unique retinal function. 
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Furthermore, THC can bind to GPR55 and induce a signal transduction different from that of 
CB1R and CB2R [6]. Even though GPR55 is phylogenetically distinct from the traditional 
cannabinoid receptors, in some experimental paradigms, it is also activated by 
endocannabinoids, phytocannabinoids, and synthetic cannabinoid ligands [45]. While Kumar 
et al. (2012) using the same antibody reported the presence of GPR55 in human trabecular 
meshwork cells by Western blot analysis, these authors did not assess the localization of 
GPR55-positive cells in the retina. By double immunolabeling, we obtained a general picture 
of GPR55 localization in the monkey retina. A schematic diagram summarizing our results is 
presented in Figure 6. We report for the first time the presence of GPR55 in rod 
photoreceptors of the monkey retina. Certainly, immunohistochemistry is extremely sensitive 
and the presence of a small amount of protein does not guarantee a functionally important 
protein. It will be worthwhile to verify if CB1R-, CB2R-, or/and GPR55-blockade have an 
effect on retinal function. 
 
Hypothetical functional implications 
In the dark, rods are depolarized and constantly stimulated to allow the release of glutamate. 
Glutamate then binds to mGluR6 to hyperpolarize rod bipolar cells and to iGluRs to 
depolarize horizontal cells. It is well documented that LPI is a lysophospholipid-signaling 
molecule that modulates many cell functions. In fact, the generation of LPI is linked to the 
metabolism of membrane phospholipids by enzymes like phospholipase A1 and A2 that are 
activated upon cell stimulation and are located at the inner and outer side of the plasma 
membrane. Initially, LPI has been discussed to serve as second-messenger lysophospholipid 
that modulate intracellular signaling events [46]. LPI is a key signaling intermediate that 
modulates many aspects of cellular function. The identification of this ligand as a novel target 
for GPR55 suggests a fundamental role for this receptor in physiological processes. It has also 
been proposed that GPR55 exhibits a constitutive activity [47]. Characterization of the eCB 
system in other brain areas has shown that GPR55 activation induces intracellular Ca++ 
fluctuations through a RhoA-mediated, and inositol 1,4,5-trisphosphate (IP3)-sensitive 
mechanism mobilizing Ca++ stores [6,8,10]. In fact, stimulation of GPR55 by LPI evokes an 
intracellular Ca2+ rise in hippocampal slices [48]. We present here a hypothetical model of the 
role of GPR55 in retina. Given that rods are in a depolarized state and continuously active in 
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the dark, a high tone of LPI activating GPR55, thereby leaving calcium channels open, 
maintains the constant release of glutamate. In the presence of light stimulation, rod 
membranes are hyperpolarized, LPI is in a lower basal tone, and the release of glutamate is 
reduced (Figure 7). We show here for the first time that GPR55 is exclusively expressed in 
rods of the vervet monkey, although further experiments are still needed in order to clarify its 
precise role in scotopic vision. In a companion study, we investigated the effects of intravitreal 
injections of LPI, a specific endogenous agonist of GPR55, on the scotopic electroretinogram 
of normal vervet monkeys. We found, in accordance with our hypothesis (illustrated in the 
model in Figure 7), that the scotopic ERG is modified by the activation of GPR55. Indeed, 
following the injection of LPI, there is a large increase in the rod response (unpublished data). 
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Figure 7. Schematic illustration depicting a hypothetical function for GPR55 in the monkey 
retina. Activation of GPR55 by LPI could represent a new modulation process in rods thus 
regulating scotopic vision. In the dark, rods are depolarized and a cytoplasmic isoform of 
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phospholipase A2 can synthetize LPI and release it in the extracellular media. LPI binds 
GPR55 and activate distinct intracellular signaling cascades, including RhoA activation, IP3 
release, and Ca2+ mobilization, ultimately controlling the release of glutamate. In presence of 
light, hyperpolarized rods produce low levels of LPI; in the dark, depolarized rods synthesize 
and accumulate high levels of LPI. R, rods; H, horizontal cells; RB, rod bipolar cells; LPI, 
lysophosphatidylinositol; iGluR, ionotropic glutamate receptors; mGluR, metabotropic 
glutamate receptors; cPLA, cytosolic phospholipase A2. 
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Abstract 
The endocannabinoid (eCB) system is widely expressed in various parts of the central 
nervous system, including the retina. The localization of the key eCB receptors, particularly 
CB1R and CB2R, has been recently reported in rodent and primate retinas with striking 
interspecies differences. Little is known about the enzymes involved in the synthesis and 
degradation of these eCBs. We therefore examined the expression and localization of the main 
components of the eCB system in the retina of mice, tree shrews, and monkeys. We found that 
CB1R and FAAH distributions are well preserved among these species. However, expression 
of NAPE-PLD is circumscribed to the photoreceptor layer only in monkeys. In contrast, CB2R 
expression is variable across these species; in mice, CB2R is found in retinal neurons but not 
in glial cells; in tree shrews, CB2R is expressed in Müller cell processes of the outer retina and 
in retinal neurons of the inner retina; in monkeys, CB2R is restricted to Müller cells. Finally, 
the expression patterns of MAGL and DAGLα are differently expressed across species. 
Overall, these results provide evidence that the eCB system is differently expressed in the 
retina of these mammals and suggest a distinctive role of eCBs in visual processing. 
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Introduction 
Marijuana contains over 70 cannabinoids that mimic the endogenous ligands called 
endocannabinoids (eCBs) that cause global psychoactive and physiological effects. The eCB 
system is mainly composed of the specific G-protein-coupled receptors CB1R and CB2R, the 
eCBs (anandamide and 2-arachidonoylglycerol), the synthesising enzymes NAPE-PLD (N-
acyl phosphatidylethanolamine-specific phospholipase D) and DAGLα (diacylglycerol lipase 
alpha), and the degradation enzymes FAAH (fatty acid amide hydrolase) and MAGL 
(monoacylglycerol lipase). The cannabinoid receptors are found in many mammals, as well as 
in various classes of vertebrates and invertebrates, in all major subdivisions of bilaterians, 
urochordates and cephalochordates, but not in the nonchordate invertebrate phyla like insects 
[1-3]. The cannabinoid receptors may have evolved in the last common ancestor of the 
bilaterians with a secondary loss in the insects and other clades [1]. The enzymes responsible 
for the biosynthesis and the degradation of eCBs are present throughout the animal kingdom 
[4, 5]. For example, in the rat hippocampus, cerebellum and amygdala, the distribution of the 
cytosolic enzyme MAGL is complementary to FAAH (presynaptic vs postsynaptic) suggesting 
different roles for these two eCBs in the central nervous system (CNS) [6]. The eCB system 
appears widely distributed in the CNS and points to a fundamental modulatory role of eCBs in 
the control of many central and peripheral biological functions [7]. A number of specific roles 
have been ascribed to the eCB system in biological functions, such as neuroprotection, 
neurogenesis, axon guidance, synaptic plasticity, nociception, motor activity, and memory [8-
12]. Disturbances of normal eCB activity may therefore be associated with various brain 
disorders [13-16]. 
 
The eCB system is also found in the retina of various species [17] albeit noticeable 
differences in its anatomical organization. Compared to rodents, the retina of tree shrews is 
more similar to primates [18]. Mice have a rod-dominated retina that is specialized for 
scotopic conditions [19] with a low visual resolution [20]. Mouse and tree shrew retinas have 
no fovea compared to primates. However, tree shrews have a well-developed binocular visual 
system, with a cone-dominated retina [21]. 
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In the retina, the expression of CB1R is well preserved in many species including mice, 
rats, chicks, larval tiger salamanders, goldfish, and rhesus monkeys [22]. CB1R and CB2R are 
also present in various retinal cell types (cones, bipolar, ganglion, horizontal, and amacrine 
cells) with however some differences [17, 23-27]. For example, CB2R is expressed throughout 
the mouse retina [25] but it is present exclusively in the Müller cells of the vervet monkey 
[24]. While DAGLα is widely distributed throughout the IPL in the mouse retina, MAGL is 
only present in rod spherules, cone pedicles in OPL, but also the IPL [28]. Both MAGL and 
DAGLα have been found in an overlapping pattern with CB1R and CB2R in the rat retina. In 
rats, DAGLα is expressed from the early stages of development in photoreceptors, horizontal, 
amacrine, and ganglion cells and MAGL later during development mainly in amacrine and 
Müller cells [29]. The expression and distribution of the major components of the eCB system, 
notably the metabolizing enzymes (NAPE-PLD, DAGLα, FAAH, MAGL), in the retina of 
different mammals have not been studied in depth. It is therefore our aim to analyze the 
expression of several components of the eCB system and to characterize their distribution 
pattern in the distinct retinal layers and cell types of three different mammalian species: mice, 
tree shrews and monkeys (vervets and macaques). 
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Materials and Methods 
Biological material. Eyes from 3 adult mice (C57BL/6; 3–4 months old), 2 adult tree shrews 
(Tupaia belangeri; 3-4 months old), 3 vervet monkeys (Chlorocebus sabeus; 3-4 years of age), 
and 2 rhesus monkeys (Macaca mulatta; 3-4 years of age) were used in this study. The 
animals were part of ongoing research projects that were approved by the University of 
Montreal and McGill University Animal Care and Use Committees. For all species, anterior 
segment of the eye and vitreous were cut away. The eyecups were bathed in 4% 
paraformaldehyde made in 0.1 M sodium phosphate buffer at pH 7.4, and left overnight in the 
solution. The retina was dissected free from the eyecup in a phosphate-buffered saline (PBS) 
medium. It was laid flat so that the vitreous body could be removed by blotting with filter 
paper and gentle brushing. Samples of the retina were taken at the center and periphery. Each 
sample was then cryoprotected in 30% sucrose overnight and embedded in Shandon 
embedding media at -65°C. The blocks were cut in 20 µm sections at -18°C with a Leica 
CM3050S cryostat and mounted onto gelatinized subbed glass slides, air dried, and stored at -
80°C for further processing. 
 
Immunofluorescence. Single-, double-, and triple-labeling of the retina were performed 
according to previously published methods [23, 24, 30]. Briefly, the sections were post-fixed 
for 5 minutes in 70% ethanol, rinsed 3 x 5 minutes in 0.1 M Tris buffer, pH 7.4/0.03% Triton 
and blocked for 90 minutes in 10% normal donkey serum (NDS) in 0.1 M Tris buffer/0.5% 
Triton. Sections were then incubated with primary antibodies prepared in blocking solution 
overnight at room temperature. The cannabinoid-related antibodies (CB1R, NAPE-PLD, 
FAAH, CB2R, DAGLα, MAGL) were also used conjointly with a known specific retinal cell 
type marker (Table 1). The next day, sections were washed for 10 minutes and 2 x 5 minutes 
in 0.1 M Tris /0.03% Triton. Then, they were blocked in 10% NDS, 0.1 M Tris /0.5% Triton 
for 60 minutes and incubated with secondary antibody for one hour (Alexa 488 donkey anti-
mouse, and biotinylated donkey anti-rabbit followed by the addition of streptavidin-Alexa 647 
(1:200), all prepared in blocking solution). Sections were counterstained with Sytox Green 
Nucleic Acid Stain (1:50,000; Molecular Probes, Inc., Eugene, OR) washed again in Tris 
buffer, and coverslipped with Fluoromount-GTM Mounting Medium (SouthernBiotech, 
Birmingham, AL). 
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Antibody characterization. In this study, we were confronted with the problem concerning 
the specificity of some of the antibodies, especially for the tree shrew. Although knockout 
animals are the best way to test the specificity of antibodies, this model is available only for 
mice, and not for tree shrews and monkeys. We therefore resorted to the use of conventional 
alternative methods to circumvent this methodological limitation [23-27]. We have previously 
published Western blot results for mice and vervet monkeys [23-25]. For tree shrews and 
macaques, the tissue was not made available to us. Therefore, we resorted to the traditional 
blocking techniques presented in the manuscript as BP in Figures 1 and 2. Table 1 summarizes 
the source and the working dilution of all the primary antibodies. The antibodies used in the 
present study were characterized and published in previous publications: calbindin [23, 31-
35], CB1R [23, 26], CB2R [24, 36], DAGLα [26], FAAH [23, 27], GS [23, 37, 38, 39], 
MAGL, NAPE-PLD [47], rhodopsin [30, 40], and PKCα [23, 26, 27, 34]. 
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Table 1. List of antibodies used in this study. 
Antibody1 Immunogen Source2 Working 
dilution 
CB Purified bovine kidney calbindin-D28K Sigma-Aldrich, St. Louis, MO; C9848, 
mouse monoclonal, clone CB0955 
1:250 
CB1R Fusion protein containing aa 1–77 of rat 
CB1R 
Calbiochem, Gibbstown, NJ; 209550, 
rabbit polyclonal 
1:150 
CB2R Synthetic peptide corresponding to aa 
20–33 of human CB2R 
Cayman Chemical, Ann Arbour, MI; 
101550, rabbit polyclonal 
1:150 
DAGLα Peptide with sequence CPAKQDELVISAR, 
from the C Terminus of the protein sequence 
Novus, Littleton, CO; 
NBP2-31856, rabbit polyclonal 
1:100 
FAAH Synthetic peptide aa 561–579 of rat FAAH Cayman Chemical, Ann Arbour, MI; 
101600, rabbit polyclonal 
1:150 
GS Full protein purified from sheep brain Chemicon, Temecula, CA; MAB302, 
mouse monoclonal, clone GS-6 
1:500 
MAGL Human MAGL aa 1-14 Cayman Chemical, Ann Arbour, MI; 
100035, rabbit polyclonal 
1:150 
NAPE-PLD Purified protein corresponding to aa 159-172 
NAPE-PLD human 
Cayman Chemical, Ann Arbour, MI; 
10305, rabbit polyclonal 
1:200 
Rhodopsin Bovine rhodopsin Abcam, Toronto, ON; ab98887, mouse 
monoclonal, clone Rho 4D2 
1:500 
PKCα Peptide mapping the aa 296–317 of 
human PKCα 
Santa Cruz Biotechnology, Santa Cruz, 
CA; sc-8393, mouse monoclonal, 
clone H-7 
1:500 
1Abbreviations: CB, calbindin; CB1R, cannabinoid receptor type 1; CB2R, cannabinoid receptor type 2; DAGLα, 
diacylglycerol lipase alpha; FAAH, fatty acid amide hydrolase; GS, glutamine synthetase; MAGL, monoacylglycerol lipase; 
NAPE-PLD, N-acyl phosphatidylethanolamine-specific phospholipase D; PKCα, protein kinase C α (alpha isoform); aa, 
amino acids. 
2The source column indicates the commercial company, catalog reference and origin. The clone designation is given for 
monoclonal antibodies. 
 
Confocal microscopy. Immunofluorescence images were taken according to [30]. Using a 
Leica TCS SP2 confocal laser-scanning microscope (Leica Microsystems, Exton, PA), with a 
40X (n.a.: 1.25) or a 100X (n.a: 1.40 - 0.7) objective, images were obtained sequentially from 
the green, blue or far-red channels on optical slices of less than 0.9 µm of thickness. All 
photomicrograph adjustments, including size, color, brightness, and contrast were done with 
Adobe Photoshop (CS5, Adobe Systems, San Jose, CA) and then exported to Adobe InDesign 
(CS5, Adobe Systems, San Jose, CA), where the final figure layout was completed. 
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Results 
Single-label immunofluorescence 
CB1R is present throughout the retina of all three species. A fairly consistent retinal 
distribution pattern of CB1R across all six retinal layers was observed in mice, tree shrews, 
vervet and rhesus monkeys, as illustrated in immunolabeled retinal sections (Figure 1A-D). 
The most significant different between species is the low expression of CB1R in the ONL of 
mice when compared to all other species (arrows Figure 1A-D). Furthermore, high expression 
of CB1R is seen in the GCL and NFL of all species (arrowheads Figure 1A-D). 
 
FAAH expression is found throughout the retina of all three species. FAAH, like CB1R, is 
well expressed in all retinal layers and in the photoreceptor layer of all species (Figure 1E-H). 
In all species, there is a moderate protein expression in the INL (arrows Figure 1E-H). 
Remarkably, there is an important expression of FAAH in the NFL of all species (arrowheads 
Figure 1E-H). 
 
NAPE-PLD distribution is dissimilar between the species. In mice, NAPE-PLD is widely 
distributed in all layers, but more intensely in the NFL (arrowhead Figure 1I). In tree shrews, 
NAPE-PLD is found in all six retinal layers, moderately in the INL (arrow Figure 1J) and 
prominently in the OPL and NFL (arrowheads Figure 1J). Inversely, in both vervet and 
macaque monkeys, NAPE-PLD is located in the outer retina, mainly in photoreceptors, ONL 
and OPL (arrowheads in Figure 1K,L), whilst it is undetectable in the inner retinal layers 
(asterisks Figure 1K,L). 
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Figure 1. CB1R system immunoreactivity pattern in the retina. Shown are retinal sections 
immunolabeled for CB1R (A-D), FAAH (E-H), and NAPE-PLD (I-L) in mice, tree shrews, 
vervet and macaque monkeys. The control staining, preabsoption with the corresponding 
blocking peptide (BP), is also shown for FAAH and NAPE-PLD in all species. Arrows point 
to low to moderate expression of CB1R, FAAH, and NAPE-PLD in the retina of all species 
and arrowheads to high expression of these proteins. The asterisks indicate undetectable 
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expression of NAPE-PLD in the inner retina of monkeys. ONL, outer nuclear layer; OPL, 
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
layer; NFL, nerve fiber layer. Scale bar = 75 µm. 
 
CB2R is differently expressed among the species. Unlike CB1R, the immunolabeling 
pattern of CB2R is not consistent in the 3 species. In mice, CB2R is moderately detectable in 
ONL and in INL (arrows Figure 2A) but strongly expressed in OPL IPL, GCL, and NFL 
(arrowheads Figure 2A). In tree shrews, CB2R is expressed throughout all retinal cell layers 
with more emphasis (contrary to the mouse) in the external layers (ONL) (upper arrowhead 
Figure 2B) and NFL (lower arrowhead Figure 2B). In both vervets and macaques, CB2R 
expression is more abundant in ONL (arrowheads Figure 2C,D), and is very low in the lower 
layers (INL, IPL, GCL, NFL) (asterisks Figure 2C,D). 
 
Localization of MAGL. In mice, MAGL is expressed in the ONL, OPL, INL, IPL, GCL and 
NFL (Figure 2E). The most prominent staining is observed in the OPL, in the two laminae of 
the IPL and in the NFL, as previously described [28] (arrowheads Figure 2E). In tree shrews, 
MAGL is expressed in all layers and most strongly in the INL and GCL (arrowheads Figure 
2F). In vervets and macaques, MAGL is expressed mainly in the OPL (arrowheads Figure 
2G,H). It is also found moderately in the IPL and GCL (arrows Figure 2G, H). 
 
Expression of the DAGLα. In mice, DAGLα is weakly expressed in the INL, moderately in 
OPL and ONL (arrows Figure 2I), but more strongly in the IPL (arrowhead Figure 2I). This 
result is consistent with that obtained in the mouse retina [28] and in the rat retina [29] that 
showed expression in the two synaptic layers, the OPL and IPL. DAGLα is also highly 
expressed in the GCL and NFL in the mouse retina (Figure 2I). In tree shrews, the DAGLα is 
strongly expressed in the GCL and NFL (arrowheads Figure 2J). In vervets and macaques, 
DAGLα is moderately expressed in the OPL (arrows Figure 2K,L), whilst there is a high 
expression in the NFL (arrowheads Figure 2K,L). 
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Figure 2. CB2R system immunoreactivity pattern in the retina. Shown are retinal sections 
immunolabeled for CB2R (A-D), MAGL (E-H), and DAGLα (I-L) in mice, tree shrews, 
vervet and macaque monkeys. The control staining, preabsoption with the corresponding 
blocking peptide (BP), is also shown for CB2R, MAGL and DAGLα in all species. Arrows 
point to low to moderate expression of CB2R, MAGL, and DAGLα in the retina all species 
and arrowheads to their high expression. The asterisks indicate expression of CB2R under the 
detection level in the inner retina of monkeys. ONL, outer nuclear layer; OPL, outer plexiform 
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layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, 




To verify the retinal cell type expression, double immuno-staining was carried out with each 
eCB component and a specific molecular marker for retinal cells. 
 
CB1R and rod bipolar cells. PKCα that labels rod bipolar cells and a subset of amacrine 
cells is similarly co-expressed with CB1R in the dendrites extending to the OPL (arrows 
Figure 3) and synaptic terminals in the IPL in all species (arrowheads Figure 3). This is in 
accordance with previous data reported in rats [26] and vervet monkeys [23]by our group. 
 
Figure 3. CB1R immunoreactivity in rod bipolar cells. Vertical sections taken from the mouse 
retina (first column), tree shrew retina (second column), vervet retina (third column), and 
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macaque retina (fourth column). Confocal micrographs of co-immunolabeling for CB1R and 
the cell-type-specific marker for rod bipolar cells, protein kinase C alpha (PKCα). Each 
protein expression is presented alone in grayscale: CB1R in the first line and PKCα in the 
second line; then the two are presented merged (third line: CB1R in magenta and PKCα in 
green). Arrows point to dendrites ascending into the OPL, where rod spherules are found, and 
arrowheads point to synaptic terminals in the IPL. INL, inner nuclear layer; IPL, inner 
plexiform layer. Scale bar = 30 µm. 
CB2R and Müller cells. To label Müller cells, glutamine synthetase (GS) was used. This 
antibody has proved to be efficient to label Müller cells in the rat [38], mouse [25], and 
monkey retinas [23, 24, 39]. In mice, CB2R is weakly expressed in the ONL (Figure 4A,E,I) 
although intense expression was found in the inner layers. CB2R was not found in Müller cells 
in the mouse retina as previously reported [25]. In tree shrews, CB2R and GS were both 
expressed in the photoreceptor layer and ONL (arrow Figure 4B,F,J). Overall, CB2R is co-
localized with GS in the outer retina but not in the inner retina (Figure 4J). In both vervet and 
macaque monkeys, double labeling of CB2R and GS shows that CB2R is restricted to Müller 
cell processes, extending from the internal limiting membrane, with very low staining, to the 
external limiting membrane, with heavy labeling (arrowheads Figure 4C,G,K, and 4D,H,L). 
These results indicate that the expression of CB2R in Müller cells is a feature of tree shrews 
and monkeys. 
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Figure 4. CB2R immunoreactivity in Müller cells. Vertical sections from the mouse retina 
(first column), tree shrew retina (second column), vervet retina (third column), and macaque 
retina (fourth column). Confocal micrographs of co-immunolabeling for CB2R and the cell-
type-specific marker for glial Müller cells, glutamine synthetase (GS). Each protein 
immunofluorescent signal is presented alone in grayscale: CB2R in the first line and GS in the 
second line; then the two are presented merged (third line: CB2R in magenta and GS in 
green). Arrowheads point to Müller cell processes that all express CB2R, except in mice 
(arrows). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, 
inner plexiform layer. Scale bar = 30 µm. 
NAPE-PLD and calbindin-positive retinal cells. Calbindin (CB) is a marker of cones 
outside the foveal region, cone bipolar cells, and a subset of horizontal cells in tree shrews and 
monkeys [23, 32]. In contrary, in mice, CB is a marker of horizontal cells and is present in 
OPL with a weak co-localization of NAPE-PLD (Figure 5A,E,I). In both mice and tree shrews 
CB positive cell bodies found in the INL do not express NAPE-PLD (arrows Figure 5A,E,I 
and 5B,F,J). In fact, CB is co-expressed with NAPE-PLD in the OPL of tree shrews 
(arrowheads Figure 5B,F,J). CB is expressed in the ONL of the monkey retina where NAPE-
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PLD is abundant (arrowheads Figure 5C,G,K, and 5D,H,L) and highly co-expressed with 
NAPE-PLD in the axons of cone photoreceptors (arrowheads Figure 5C,G,K, and 5D,H,L). 
 
NAPE-PLD and rods. The rhodopsin antibody was used to label rods in the retina. In the 
mouse, NAPE-PLD is not co-expressed with rods (arrows Figure 6A,E,I). Furthermore, in the 
cone-dominant retina of the tree shrew with only very few rods, NAPE-PLD is also not co-
localized with rods (arrows Figure 6B,F,J). However, in vervet and macaque monkeys, 
NAPE-PLD is expressed in rods (arrowheads Figure 6C,G,K, and 6D,H,L). 
 
Figure 5. NAPE-PLD immunoreactivity in calbindin-positive retinal cells. Vertical sections 
from the mouse retina (first column), tree shrew retina (second column), vervet retina (third 
column), and macaque retina (fourth column). Confocal micrographs of co-immunolabeling 
for the synthesizing enzyme NAPE-PLD and a cell-type-specific marker for horizontal cells or 
cones; in mice and tree shrews, calbindin (CB) labels horizontal cells; in monkeys, CB labels 
cones. Each protein expression is presented alone in grayscale: NAPE-PLD in the first line 
and the CB in the second line; then the two are presented merged (third line: NAPE-PLD in 
magenta and the CB in green). Arrowheads point to the processes of CB-positive cells that 
express the synthetizing enzyme NAPE-PLD and arrows point to CB positive cells bodies, 
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which do not express NAPE-PLD. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, 
inner nuclear layer; IPL, inner plexiform layer. Scale bar = 30 µm. 
 
Figure 6. NAPE-PLD immunoreactivity in rod photoreceptors. Vertical sections from the 
mouse retina (first column), tree shrew retina (second column), vervet retina (third column), 
and macaque retina (fourth column). Confocal micrographs of co-immunolabeling for the 
synthesizing enzyme NAPE-PLD and the cell-type-specific marker for rods, rhodopsin. Each 
immunofluorescent signal is presented alone in grayscale: NAPE-PLD in the first line and 
rhodopsin in the second line; then the two are presented merged (third line: NAPE-PLD in 
magenta and rhodopsin in green). Arrowheads point to rhodopsin-positive cell bodies that 
express NAPE-PLD in vervet and macaque monkeys only, and arrows mark the lack of co-
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Discussion 
In this study, we compared the localization of 2 cannabinoid receptors (CB1R, CB2R), 
2 endocannabinoid synthesizing enzymes (NAPE-PLD and DAGLα), and 2 endocannabinoid 
degrading enzymes (FAAH and MAGL) in the retina of mice, tree shrews, and monkeys. This 
is the first study that shows the expression pattern of all the above-mentioned eCB 
components in the tree shrew retina as well as the localization of the NAPE-PLD, MAGL and 
DAGLα in the monkey retina (Figure 7). These phylogenetically related species were chosen 
due to the specialization of their visual systems; from the primitive monocular, rod-dominated 
visual system in mice with a low visual resolution to the well-developed visual system in 
monkeys [41] that is similar to humans [42]. Tree shrews are a species with binocular cone-
dominated vision that is phylogenetically between mice and monkeys [21, 43]. 
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Figure 7. Comparison of the expression patterns of the CB1 system components CB1R, 
FAAH, and NAPE-PLD (A) and of the CB2 system components CB2R, MAGL, and DAGLα 
(B) in the retina of mice, tree shrews, vervets, and macaques. Our results are complemented by 
data from previously published work [23, 26, 28, 29]. 
The cannabinoid receptors: localization vs function 
We recently reported that the distribution of the CB2R in the primate retina [24] is 
different than the rodent retina [25]. While the CB2R is expressed in the rodent retinal 
neuronal cells [25], it is only expressed in the primate retinal glia, the Müller cells [24]. This 
finding prompted us to look into the retinal eCB system expression profiles across species. 
Interestingly, we show that only some components of the eCB system are preserved across the 
three animal species studied here while others are strikingly different. Notably, as reported by 
Elphick in his thought-provoking review [5], CB1R and CB2R are unique to chordates, but the 
enzymes involved in the biosynthesis and the inactivation of the eCBs like NAPE-PLD and 
FAAH are found throughout the animal kingdom [4]. These proteins may have therefore 
evolved as presynaptic or postsynaptic receptors for eCBs. This is fascinating because the 
expression and localization of CB1R and FAAH are similar in mice, tree shrews, and 
primates, while it is not the case for CB2R, NAPE-PLD, MAGL and DAGLα (Figure 7). 
 
There are many controversies on the neuronal and/or peripheral expression of CB2R. 
Our results show that the expression pattern of the CB2R differs from the mouse to the 
monkey. Similar to CB1R, CB2R shows a general expression in the neuro-retina: 
photoreceptors, horizontal cells, amacrine cells, and cells localized in the GCL of rodents [25, 
44]. In the mouse, CB2R expressed in the photoreceptor layer, was mostly found in cones and 
some rods [25]. Similar to its position in the phylogeny tree, the tree shrew has an in-between 
position showing expressions in all layers, as in rodents, and in Müller cells, as in primates 
(Figure 2B). In agreement with the CB2R glial expression in the CNS, the primate retina 
expresses CB2R mainly in Müller cells, with a higher polarization towards the outer retina 
[24]. The Müller cells, with their unique anatomy, span the entire thickness of the retina and 
contact with the majority of the retinal neurons [45]. This complementary expression pattern 
of CB1R and CB2R in the primate retina reveals thus a reciprocal relationship between retinal 
neurons and glia regarding their function via the eCB system. The ubiquitous CB1R system 
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may play a more general role in the light transduction in all three species, as previously 
suggested [17]. 
 
Significance of the distribution pattern of enzymes and cannabinoid receptors 
The expression pattern of CB1R and FAAH has been reported in the CNS as 
complementary, overlapping or unrelated distributions [17, 46]. Here, we report an 
overlapping distribution; CB1R expressing neurons also express FAAH. In this case, the 
degrading enzyme may remotely influence the CB1R [46]. During development of the mouse 
retina, CB1R and FAAH expression patterns are present in the deepest neuroblast layers at 
birth, and spread-out throughout the retina in adulthood [26, 27]. In our three species, the 
FAAH expression overlaps the CB1R distribution pattern not only in the photoreceptor layers 
but also in the ganglion cells (Figure 1A-D and I-L). This suggests that cannabinoids act not 
only on photoreceptors [17] but also directly on ganglion cell. This expression pattern has 
been reported not only in the retina of the vervet monkey [23], but also in the optic nerve, the 
dorsal lateral geniculate nucleus [47] and the visual cortex of monkeys [48]. While NAPE-
PLD and FAAH are overlapping in different layers of the mouse and tree shrew retinas, they 
are complementarily expressed in the monkey retina. This unique complementary spatial 
relationship between NAPE-PLD (exclusively in the photoreceptor layer) and FAAH (in the 
inner retina), might ensure optimal retinal function in highly-developed retinas. However, 
further experiments are needed to test this hypothesis. 
 
Anandamide (an endogenous agonist of the CB1R) and other N-acylethanolamines 
(NAEs) are biosynthesized from phospholipids of the cell membrane assisted by NAPE-PLD 
hydrolysis. In this study, we report a variation in the expression of this membrane associated 
synthesis enzyme, NAPE-PLD, despite its well-preserved sequence from rodents to humans 
[49]. In the mouse, NAPE-PLD follows the same pattern of expression as CB1R and FAAH, 
except that it is not found in rods. Moreover, unlike the mouse but like the primate, the tree 
shrew has a high expression of NAPE-PLD in ONL and OPL. We show here for the first time 
that NAPE-PLD expression in monkeys is exclusively restricted to the photoreceptor layer. 
Unlike CB1R, NAPE-PLD is ubiquitously expressed in the rat brain with the highest level in 
the thalamus [50]. Besides its role in the eCB biosynthesis, many other physiological roles 
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have been linked to NAPE-PLD such as, anti-inflammatory effect [51], anorexic effect [52], 
and pro-apoptotic effect [53]. Moreover, the NAE products in axons suggest a role in the 
regulation of postsynaptic neuron activity as anterograde synaptic signaling molecules [54]. 
This pattern of expression also suggests another direct role of NAEs in primate photo-
transduction. 
 
Given that the lipophilic eCBs are released and degraded close to their action site, it 
would be reasonable to assume that the DAGLα and MAGL expressions are in the vicinity of 
CB2R. In the mouse retina, the DAGLα and MAGL expressions are often near or in the same 
cell types as CB1R and CB2R. CB1R is present in cones, horizontal, bipolar, amacrine and 
ganglion cells in the rat retina [26, 27]. CB2R is present in cone and rod photoreceptors, 
horizontal, bipolar, amacrine and ganglion cells in the adult mouse retina [25]. This 
distribution pattern may suggest that, in the mouse retina, eCBs such as 2-arachidonoyl 
glycerol are faithfully expressed adjacent to the cannabinoid receptors and could be involved 
in their retinal function [25]. But the primates and the tree shrews have followed a 
complementary distribution pattern, and may have adopted a more complex and specific 
strategy to regulate their visual activity via the eCB system. The eCB expression pattern in the 
mouse rod-dominated retina with monocular vision, the tree shrew cone-dominated retina with 
binocular vision, and the monkey duplex retina with binocular vision proposed that the retinal 




  166 
Acknowledgements 1 
The Natural Science and Engineering Research Council of Canada (RGPAS 478115-2015 and 2 
RGPIN 2015-06582 JFB; 6362-2012, MP; 194670-2014, CC) and the Canadian Institutes of 3 
Health Research (CIHR) (MOP-86495, JFB, MOP-301710, JFB and CC) supported this work. 4 
JB received support from a Frederick Banting and Charles Best Canada Graduate Scholarship 5 
Doctoral Award from CIHR. MP is Harland Sanders Chair professor in Visual Science. JFB is 6 
supported by a “Chercheur-Boursier Senior” from Fonds de Recherche du Québec – Santé 7 
(FRQ-S). We are grateful to Dr Frank Ervin and Dr Roberta Palmour of St.-Kitts, West Indies, 8 
for supplying the vervet monkey eyes. We would like to thank Dr Amir Shmuel from the 9 
Montreal Neurological Institute for donating the macaque eyes. We also would like to thank 10 
Reza Abbas Farishta for graciously preparing the tree shrew eyes. 11 
 12 
 13 
Conflict of interest 14 
The authors declare no conflict of interest. 15 
 16 
 17 
Role of the authors 18 
All authors had full access to all the data collected in the study and take responsibility for the 19 
integrity of these data and the accuracy of the analysis. Study concept and design: JB, PJ, MP, 20 
J-FB. Acquisition of data: JB, LE, PJ. Analysis and interpretation of data: JB, LE, PJ, J-FB, 21 
MP. Drafting of the manuscript: JB, PJ. Critical revision of the manuscript for important 22 
intellectual content: MP, J-FB, CC. Obtained funding: CC, MP, J-FB. Administrative, 23 
technical, and material support: CC, MP, J-FB. Study supervision: MP, J-FB. 24 
 25 
  167 
References 
1. J. M. McPartland, J. Agraval, D. Gleeson, K. Heasman and M. Glass, "Cannabinoid 
receptors in invertebrates," J Evol Biol, vol. 19, no. 2, pp. 366-373, 2006. 
2. J. M. McPartland, R. W. Norris and C. W. Kilpatrick, "Coevolution between 
cannabinoid receptors and endocannabinoid ligands," Gene, vol. 397, no. 1-2, pp. 126-
135, 2007. 
3. E. Cottone, V. Pomatto, F. Cerri, E. Campantico, K. Mackie, M. Delpero, A. Guastalla, 
C. Dati, P. Bovolin and M. F. Franzoni, "Cannabinoid receptors are widely expressed 
in goldfish: molecular cloning of a CB2-like receptor and evaluation of CB1 and CB2 
mRNA expression profiles in different organs," Fish Physiol Biochem, vol. 39, no. 5, 
pp. 1287-1296, 2013. 
4. J. M. McPartland, I. Matias, V. Di Marzo and M. Glass, "Evolutionary origins of the 
endocannabinoid system," Gene, vol. 370, pp. 64-74, 2006. 
5. M. R. Elphick, "The evolution and comparative neurobiology of endocannabinoid 
signalling," Philos Trans R Soc Lond B Biol Sci, vol. 367, no. 1607, pp. 3201-3215, 
2012. 
6. T. P. Dinh, D. Carpenter, F. M. Leslie, T. F. Freund, I. Katona, S. L. Sensi, S. Kathuria 
and D. Piomelli, "Brain monoglyceride lipase participating in endocannabinoid 
inactivation," Proc Natl Acad Sci U S A, vol. 99, no. 16, pp. 10819-10824, 2002. 
7. V. Di Marzo, "The endocannabinoid system: its general strategy of action, tools for its 
pharmacological manipulation and potential therapeutic exploitation," Pharmacol Res, 
vol. 60, no. 2, pp. 77-84, 2009. 
8. T. Harkany, M. Guzman, I. Galve-Roperh, P. Berghuis, L. A. Devi and K. Mackie, 
"The emerging functions of endocannabinoid signaling during CNS development," 
Trends Pharmacol Sci, vol. 28, no. 2, pp. 83-92, 2007. 
9. T. Harkany, E. Keimpema, K. Barabas and J. Mulder, "Endocannabinoid functions 
controlling neuronal specification during brain development," Mol Cell Endocrinol, 
vol. 286, no. 1-2 Suppl 1, pp. S84-90, 2008. 
10. A. Argaw, G. Duff, N. Zabouri, B. Cécyre, N. Chaine, H. Cherif, N. Tea, B. Lutz, M. 
Ptito and J. F. Bouchard, "Concerted action of CB1 cannabinoid receptor and deleted 
in colorectal cancer in axon guidance," J Neurosci, vol. 31, no. 4, pp. 1489-1499, 2011. 
  168 
11. G. Duff, A. Argaw, B. Cécyre, H. Cherif, N. Tea, N. Zabouri, C. Casanova, M. Ptito 
and J. F. Bouchard, "Cannabinoid receptor CB2 modulates axon guidance," PLoS One, 
vol. 8, no. 8, pp. e70849, 2013. 
12. J. Y. Xu and C. Chen, "Endocannabinoids in synaptic plasticity and neuroprotection," 
Neuroscientist, vol. 21, no. 2, pp. 152-168, 2015. 
13. R. Bluett, J. Gamble-George, D. Hermanson, N. Hartley, L. Marnett and S. Patel, 
"Central anandamide deficiency predicts stress-induced anxiety: behavioral reversal 
through endocannabinoid augmentation," Translational psychiatry, vol. 4, no. 7, pp. 
e408, 2014. 
14. J. M. McPartland, G. W. Guy and V. Di Marzo, "Care and feeding of the 
endocannabinoid system: a systematic review of potential clinical interventions that 
upregulate the endocannabinoid system," PloS one, vol. 9, no. 3, pp. e89566, 2014. 
15. E. B. Russo, "Clinical endocannabinoid deficiency (CECD): can this concept explain 
therapeutic benefits of cannabis in migraine, fibromyalgia, irritable bowel syndrome 
and other treatment-resistant conditions?," Neuro endocrinology letters, vol. 25, no. 1-
2, pp. 31-39, 2003. 
16. S. C. Smith and M. S. Wagner, "Clinical endocannabinoid deficiency (CECD) 
revisited: Can this concept explain the therapeutic benefits of cannabis in migraine, 
fibromyalgia, irritable bowel syndrome and other treatment-resistant conditions?," 
Neuro endocrinology letters, vol. 35, no. 3, pp. 198-201, 2014. 
17. S. Yazulla, "Endocannabinoids in the retina: from marijuana to neuroprotection," Prog 
Retin Eye Res, vol. 27, no. 5, pp. 501-526, 2008. 
18. Y. Fan, Z. Y. Huang, C. C. Cao, C. S. Chen, Y. X. Chen, D. D. Fan, J. He, H. L. Hou, 
L. Hu, X. T. Hu, X. T. Jiang, R. Lai, Y. S. Lang, B. Liang, S. G. Liao, D. Mu, Y. Y. 
Ma, Y. Y. Niu, X. Q. Sun, J. Q. Xia, J. Xiao, Z. Q. Xiong, L. Xu, L. Yang, Y. Zhang, 
W. Zhao, X. D. Zhao, Y. T. Zheng, J. M. Zhou, Y. B. Zhu, G. J. Zhang, J. Wang and 
Y. G. Yao, "Genome of the Chinese tree shrew," Nat Commun, vol. 4, pp. 1426, 2013. 
19. C. J. Jeon, E. Strettoi and R. H. Masland, "The major cell populations of the mouse 
retina," J Neurosci, vol. 18, no. 21, pp. 8936-8946, 1998. 
20. G. T. Prusky and R. M. Douglas, "Characterization of mouse cortical spatial vision," 
Vision Res, vol. 44, no. 28, pp. 3411-3418, 2004. 
  169 
21. B. Müller and L. Peichl, "Horizontal cells in the cone-dominated tree shrew retina: 
morphology, photoreceptor contacts, and topographical distribution," J Neurosci, vol. 
13, no. 8, pp. 3628-3646, 1993. 
22. A. Straiker, N. Stella, D. Piomelli, K. Mackie, H. J. Karten and G. Maguire, 
"Cannabinoid CB1 receptors and ligands in vertebrate retina: localization and function 
of an endogenous signaling system," Proc Natl Acad Sci U S A, vol. 96, no. 25, pp. 
14565-14570, 1999. 
23. J. Bouskila, M. W. Burke, N. Zabouri, C. Casanova, M. Ptito and J. F. Bouchard, 
"Expression and localization of the cannabinoid receptor type 1 and the enzyme fatty 
acid amide hydrolase in the retina of vervet monkeys," Neuroscience, vol. 202, pp. 
117-130, 2012. 
24. J. Bouskila, P. Javadi, C. Casanova, M. Ptito and J. F. Bouchard, "Muller cells express 
the cannabinoid CB2 receptor in the vervet monkey retina," J Comp Neurol, vol. 521, 
no. 11, pp. 2399-2415, 2013. 
25. B. Cécyre, N. Zabouri, F. Huppé-Gourgues, J. F. Bouchard and C. Casanova, "Roles of 
cannabinoid receptors type 1 and 2 on the retinal function of adult mice," Invest 
Ophthalmol Vis Sci, vol. 54, no. 13, pp. 8079-8090, 2013. 
26. N. Zabouri, J. F. Bouchard and C. Casanova, "Cannabinoid receptor type 1 expression 
during postnatal development of the rat retina," J Comp Neurol, vol. 519, no. 7, pp. 
1258-1280, 2011a. 
27. N. Zabouri, M. Ptito, C. Casanova and J. F. Bouchard, "Fatty acid amide hydrolase 
expression during retinal postnatal development in rats," Neuroscience, vol. 195, pp. 
145-165, 2011b. 
28. S. S. Hu, A. Arnold, J. M. Hutchens, J. Radicke, B. F. Cravatt, J. Wager-Miller, K. 
Mackie and A. Straiker, "Architecture of cannabinoid signaling in mouse retina," J 
Comp Neurol, vol. 518, no. 18, pp. 3848-3866, 2010. 
29. B. Cécyre, M. Monette, L. Beudjekian, C. Casanova and J. F. Bouchard, "Localization 
of diacylglycerol lipase alpha and monoacylglycerol lipase during postnatal 
development of the rat retina," Front Neuroanat, vol. 8, pp. 150, 2014. 
  170 
30. J. Bouskila, P. Javadi, C. Casanova, M. Ptito and J. F. Bouchard, "Rod photoreceptors 
express GPR55 in the adult vervet monkey retina," PLoS One, vol. 8, no. 11, pp. 
e81080, 2013. 
31. C. Chiquet, O. Dkhissi-Benyahya, N. Chounlamountri, A. Szel, W. J. Degrip and H. 
M. Cooper, "Characterization of calbindin-positive cones in primates," Neuroscience, 
vol. 115, no. 4, pp. 1323-1333, 2002. 
32. A. J. Fischer, A. Hendrickson and T. A. Reh, "Immunocytochemical characterization 
of cysts in the peripheral retina and pars plana of the adult primate," Invest Ophthalmol 
Vis Sci, vol. 42, no. 13, pp. 3256-3263, 2001. 
33. H. Kolb, L. Zhang, L. Dekorver and N. Cuenca, "A new look at calretinin-
immunoreactive amacrine cell types in the monkey retina," J Comp Neurol, vol. 453, 
no. 2, pp. 168-184, 2002. 
34. G. C. Martínez-Navarrete, A. Angulo, J. Martín-Nieto and N. Cuenca, "Gradual 
morphogenesis of retinal neurons in the peripheral retinal margin of adult monkeys and 
humans," J Comp Neurol, vol. 511, no. 4, pp. 557-580, 2008. 
35. G. C. Martínez-Navarrete, J. Martín-Nieto, J. Esteve-Rudd, A. Angulo and N. Cuenca, 
"Alpha synuclein gene expression profile in the retina of vertebrates," Mol Vis, vol. 13, 
pp. 949-961, 2007. 
36. B. Cécyre, S. Thomas, M. Ptito, C. Casanova and J. F. Bouchard, "Evaluation of the 
specificity of antibodies raised against cannabinoid receptor type 2 in the mouse 
retina," Naunyn Schmiedebergs Arch Pharmacol, vol. 387, no. 2, pp. 175-184, 2014. 
37. M. R. Elphick and M. Egertová, "The phylogenetic distribution and evolutionary 
origins of endocannabinoid signalling," in Cannabinoids, Ed., pp. 283-297, Springer, 
2005. 
38. R. E. Riepe and M. D. Norenburg, "Müller cell localisation of glutamine synthetase in 
rat retina," Nature, vol. 268, no. 5621, pp. 654-655, 1977. 
39. S. Nishikawa and M. Tamai, "Müller cells in the human foveal region," Curr Eye Res, 
vol. 22, no. 1, pp. 34-41, 2001. 
40. Y. Ozawa, K. Nakao, T. Kurihara, T. Shimazaki, S. Shimmura, S. Ishida, A. 
Yoshimura, K. Tsubota and H. Okano, "Roles of STAT3/SOCS3 pathway in regulating 
  171 
the visual function and ubiquitin-proteasome-dependent degradation of rhodopsin 
during retinal inflammation," J Biol Chem, vol. 283, no. 36, pp. 24561-24570, 2008. 
41. Y. B. Sirotin and A. Das, "Zooming in on mouse vision," Nat Neurosci, vol. 13, no. 9, 
pp. 1045-1046, 2010. 
42. G. H. Jacobs, "Primate color vision: a comparative perspective," Vis Neurosci, vol. 25, 
no. 5-6, pp. 619-633, 2008. 
43. B. Müller and L. Peichl, "Topography of cones and rods in the tree shrew retina," J 
Comp Neurol, vol. 282, no. 4, pp. 581-594, 1989. 
44. E. M. López, P. Tagliaferro, E. S. Onaivi and J. J. López-Costa, "Distribution of CB2 
cannabinoid receptor in adult rat retina," Synapse, vol. 65, no. 5, pp. 388-392, 2011. 
45. A. Reichenbach, C. Frömter, R. Engelmann, H. Wolburg, M. Kasper and J. Schnitzer, 
"Müller glial cells of the tree shrew retina," Journal of Comparative Neurology, vol. 
360, no. 2, pp. 257-270, 1995. 
46. M. Egertová, B. F. Cravatt and M. R. Elphick, "Comparative analysis of fatty acid 
amide hydrolase and cb(1) cannabinoid receptor expression in the mouse brain: 
evidence of a widespread role for fatty acid amide hydrolase in regulation of 
endocannabinoid signaling," Neuroscience, vol. 119, no. 2, pp. 481-496, 2003. 
47. P. Javadi, J. Bouskila, J. F. Bouchard and M. Ptito, "The endocannabinoid system 
within the dorsal lateral geniculate nucleus of the vervet monkey," Neuroscience, vol. 
288, pp. 135-144, 2015. 
48. S. M. Eggan and D. A. Lewis, "Immunocytochemical distribution of the cannabinoid 
CB1 receptor in the primate neocortex: a regional and laminar analysis," Cereb Cortex, 
vol. 17, no. 1, pp. 175-191, 2007. 
49. Y. Okamoto, J. Morishita, K. Tsuboi, T. Tonai and N. Ueda, "Molecular 
characterization of a phospholipase D generating anandamide and its congeners," J 
Biol Chem, vol. 279, no. 7, pp. 5298-5305, 2004. 
50. J. Morishita, Y. Okamoto, K. Tsuboi, M. Ueno, H. Sakamoto, N. Maekawa and N. 
Ueda, "Regional distribution and age-dependent expression of N-
acylphosphatidylethanolamine-hydrolyzing phospholipase D in rat brain," J 
Neurochem, vol. 94, no. 3, pp. 753-762, 2005. 
  172 
51. D. M. Lambert, S. Vandevoorde, K. O. Jonsson and C. J. Fowler, "The 
palmitoylethanolamide family: a new class of anti-inflammatory agents?," Curr Med 
Chem, vol. 9, no. 6, pp. 663-674, 2002. 
52. F. Rodríguez de Fonseca, M. Navarro, R. Gómez, L. Escuredo, F. Nava, J. Fu, E. 
Murillo Rodríguez, A. Giuffrida, J. LoVerme, S. Gaetani, S. Kathuria, C. Gall and D. 
Piomelli, "An anorexic lipid mediator regulated by feeding," Nature, vol. 414, no. 
6860, pp. 209-212, 2001. 
53. M. Maccarrone, R. Pauselli, M. Di Rienzo and A. Finazzi-Agrò, "Binding, degradation 
and apoptotic activity of stearoylethanolamide in rat C6 glioma cells," Biochem J, vol. 
366, no. Pt 1, pp. 137-144, 2002. 
54. M. Egertová, G. M. Simon, B. F. Cravatt and M. R. Elphick, "Localization of N-acyl 
phosphatidylethanolamine phospholipase D (NAPE-PLD) expression in mouse brain: 
A new perspective on N-acylethanolamines as neural signaling molecules," J Comp 
Neurol, vol. 506, no. 4, pp. 604-615, 2008. 
 
 
  173 
 
ARTICLE 5: STANDARDIZED FULL-FIELD 
ELECTRORETINOGRAPHY IN THE GREEN MONKEY 
Publié dans : 
Bouskila J, Javadi P, Palmour RM, Bouchard JF, Ptito M (2014) Standardized full-field 
electroretinography in the Green Monkey (Chlorocebus sabaeus). PLoS One 9:e111569. 
 
  174 
Standardized full-field electroretinography in the Green 
Monkey (Chlorocebus sabaeus) 
 
Joseph Bouskila1, 2, Pasha Javadi1, Roberta M. Palmour3, 4, Jean-François Bouchard1 and 
Maurice Ptito1, 5 
 
1School of Optometry, University of Montreal, Montreal, Quebec, Canada 
2Biomedical Sciences, Faculty of Medicine, University of Montreal, Montreal, Quebec, 
Canada 
3Behavioral Science Foundation, Basseterre, St. Kitts, West Indies 
4Departments of Psychiatry and Human Genetics, McGill University, Montreal, Quebec, 
Canada 
5BRAINlab and Neuropsychiatry Laboratory, Department of Neuroscience and Pharmacology, 
University of Copenhagen, Copenhagen, Denmark 
 
 
Keywords: electroretinogram, dark adaptation, scotopic ERG, photopic ERG, oscillatory 
potentials, flicker ERG. 
 
 
Correspondence should be addressed to: 
Maurice Ptito, Ph.D. 
School of Optometry, room 260-7 
3744 Jean-Brillant, 
University of Montreal, 




  175 
Abstract 
Full-field electroretinography is an objective measure of retinal function, serving as an 
important diagnostic clinical tool in ophthalmology for evaluating the integrity of the retina. 
Given the similarity between the anatomy and physiology of the human and Green Monkey 
eyes, this species has increasingly become a favorable non-human primate model for assessing 
ocular defects in humans. To test this model, we obtained full-field electroretinographic 
recordings (ERG) and normal values for standard responses required by the International 
Society for Clinical Electrophysiology of Vision (ISCEV). Photopic and scotopic ERG 
recordings were obtained by full-field stimulation over a range of 6 log units of intensity in 
dark-adapted or light-adapted eyes of adult Green Monkeys (Chlorocebus sabaeus). Intensity, 
duration, and interval of light stimuli were varied separately. Reproducible values of 
amplitude and latency were obtained for the a- and b-waves, under well-controlled adaptation 
and stimulus conditions; the i-wave was also easily identifiable and separated from the a-b-
wave complex in the photopic ERG. The recordings obtained in the healthy Green Monkey 
matched very well with those in humans and other non-human primate species (Macaca 
mulatta and Macaca fascicularis). These results validate the Green Monkey as an excellent 
non-human primate model, with potential to serve for testing retinal function following 
various manipulations such as visual deprivation or drug evaluation. 
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Introduction 
The retina is a complex and well-organized neuronal structure that is vulnerable to 
internal influences such as retinopathies and ocular pathologies, and is furthermore sensitive to 
external factors such as drugs and alcohol toxicity. Full-field electroretinography represents a 
useful diagnostic clinical tool in ophthalmology and is widely used as a measure of retinal 
function. Electroretinogram (ERG) recordings are generated through different summation of 
currents evoked in distinct populations of retinal cells, including photoreceptors (cones and 
rods), neurons (horizontal cells, bipolar cells, amacrine cells, and ganglion cells), glial cells 
(Müller cells), and epithelial cells [1]. Accordingly, the influence of environmental 
manipulations on the function of retinal cells can be assessed objectively in the ERG. Whereas 
the full-field ERG reflects the response of the entire retina to stimulus, it is possible to 
differentiate between responses of various retinal structures to light [2]; in fact, the positive 
and negative waves of the ERG emerge from different levels of retinal processing, and the 
response of particular retinal cell populations and circuits is target by the choice of stimulus 
and recording environment. Research on the origins of pathophysiological conditions 
displayed in human electroretinography is mostly carried out in animal models, with non-
human primates remaining particularly important in visual neuroscience research, due to their 
superior emulation of human retinal function [3]. Indeed, the non-human primate ERG plays 
an important role in studies of visual abnormalities and potentially therapeutic 
pharmacological effects in the retina. The International Society for Clinical Electrophysiology 
of Vision (ISCEV) proposes a minimum of five types of measurements in order to obtain 
standardization for investigations in humans [4], all of which can be obtained in non-human 
primates. 
 
Green Monkeys have become important non-human primate species for visual 
neuroscience research. The genome of Green Monkeys has 90% parity with the human 
genome, which lends support to its use to model a range of behavioral and non-behavioral 
pathologic disorders in human [5], [6]. In fact, Green Monkeys are used as a model organism 
for the study of diabetes, cardiovascular disease, HIV/AIDS, Parkinson’s disease, substance 
abuse, attention deficit disorder, alcoholism, reproduction, tissue regeneration and other 
conditions [5], [7], [8], [9]. The Green Monkey has been utilized in visual neuroscience for 
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many years [7], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], leading to a thorough 
anatomical description of the visual pathways and the publication of anatomical brain atlases 
[20], [21], [22]. Their large brain and ocular size relative to the 3.5 kg bodyweight of adult 
Green Monkeys is particularly advantageous in the electrophysiological study of visual 
abnormalities arising in the retina and optic nerve. The organization of the retina of the green 
monkey is similar to that of other Old World species such as Macaques, for example. The 
retina contains several layers and different cell populations: photoreceptors, bipolar cells, 
ganglion cells, amacrines and horizontal cells. There is a monotonic decrease in the number of 
cones from the fovea centralis (containing mainly cones) to the periphery made out of rods 
[17], [23]. This developed fovea is well suited for high visual acuity, color vision and photopic 
sensitivity whereas the peripheral retina is responsible for scotopic vision (nocturnal) [24]. 
From the study of Herbin et al. (1997), the only one available on the green monkey retina, the 
retinal ganglion cells (RGCs) number derived from retinal wholemounts was estimated at 
1 228 646. The topographical distribution of RGCs shows a strong centro-peripheral gradient, 
with the majority of small cells (P cells) in the fovea, the larger ones being encountered in the 
periphery (M cells). The axons of the ganglion cells form the optic nerve and their counts 
derived from semi-thin sections (1 220 000) are close to the estimated number of RGCs for the 
vervet monkey and are in the range with those reported for Macaca Mulatta (1 468 000 RGCs) 
[25]. 
 
However, little is known about the electrophysiology of the Green Monkey retina, 
since most of such studies have been conducted in the rhesus monkey, for which a 
standardized procedure for electroretinographic examination has been published [26]. Due to 
the lack of corresponding data in Green Monkeys despite their growing importance in visual 
neuroscience, a standardized electroretinography protocol is needed. We therefore present here 
full-field ERG data for Green Monkeys, including the five standard responses recommended 
by the ISCEV. 
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Materials and Methods 
Animals 
A total of 15 adult male and female Green Monkeys (Chlorocebus sabaeus), aged 3 to 4 years 
and weighing 3.01 ± 0.35 Kg, were used for this study (Table 1). The animals were born and 
raised in enriched environments in the laboratories of the Behavioral Science Foundation (St-
Kitts, West Indies). As adults, the animals were fed with primate chow (Harlan Teklad High 
Protein Monkey Diet; Harlan Teklad, Madison, WI) and fresh local fruits, with water available 
ad libitum. Infant Green Monkeys are born into an outdoor social group comprising several 
females, one male and other offspring of the same general age. Infants live with their parents 
until about 8 months of age, at which time they move to a playpen with 5 other age-mates. The 
natal cage is equipped with swings, perches, hiding places and jungle gyms. We do put in toys, 
but the animals are so busy playing with one another that they ignore the toys. In the smaller 
playpens, there are also swings, perches and climbing spots, as well as puzzle feeders and 
foraging boards. At about 18 months of age, youngsters graduate to a large, outdoor peer 
group of about 16 animals (like-ages, both sexes) where there are tunnels, swings, ladders, 
jungle-gyms and a variety of manipulanda (more complex puzzle feeders; natural forage 
opportunities, such as brush and vines; foraging boards). Plastic chain and baited balls are 
popular toys, but vervets of this age are uninterested in most other commercially available 
toys. All experiments were performed according to the guidelines of the Canadian Council on 
Animal Care (CCAC) and the Association for Research in Vision and Ophthalmology 
(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. The 
experimental protocol was also reviewed and approved by the local Animal Care and Use 
Committee (University of Montreal, protocol # 14-007) and the Institutional Review Board of 
the Behavioral Science Foundation that is recognized by the CCAC. None of the animals were 
sacrificed for this study. 
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Table 1. Subject profile of animals used in this study. 
 Animal ID Sex Weight (Kg) 
IOP (mm Hg) Pupil dilatation 
(mm) 
1 05011-5 Male 3.950 OD 10 / OS 9 OD 9 / OS 9 
2 05010-6 Male 3.725 OD 7 / OS 7 OD 8 / OS 8 
3 09093-1-3-1 Female 3.050 OD 9 / OS 9 OD 9 / OS 9 
4 08274 Female 2.800 OD 10 / OS 11 OD 9 / OS 9 
5 08275 Female 2.925 OD 8 / OS 6 OD 8.5 / OS 8.5 
6 07862 Female 2.875 OD 15 / OS15 OD 8.5 / OS 8.5 
7 08297 Female 2.750 OD 6 / OS 6 OD 9 / OS 9 
8 07866 Female 2.950 OD 12 / OS 12 OD 9 / OS 9 
9 01336-7-1-3 Female 2.950 OD 12 / OS 13 OD 9 / OS 9 
10 08315 Female 2.775 OD 10 / OS 11 OD 9 / OS 9 
11 07868 Female 2.825 OD 8 / OS8 OD 8.5 / OS 8.5 
12 08375 Female 2.900 OD 11 / OS 12 OD 9 / OS 9 
13 08376 Female 2.850 OD 6/ OS 6 OD 9 / OS 9 
14 08336 Female 2.925 OD 14 / OS 15 OD 9 / OS 9 
15 08377 Female 2.852 OD 9 / OS 10 OD 9 / OS 9 
 
Animal preparation for ERG recording 
The following procedure describes a typical recording session in Green Monkeys, including 
successively a 30 minutes of animal preparation, 30 minutes of dark adaptation, 15 minutes of 
scotopic recordings, 2 minutes of light adaptation, 15 minutes of photopic recordings, and 2 
minutes of flicker recordings (Figure 1). The values of dark and light adaptation were chosen 
based on data obtained in cynomologus monkeys [27]. The animals were sedated with an 
intramuscular injection of a mixture of ketamine (10 mg/kg; Troy Laboratories, Glendenning, 
New South Wales, Australia) and xylazine (1 mg/kg; Lloyd Laboratories, Shenandoah, IA). In 
this condition, the pupils were fully dilated to approximately 9 mm in diameter and the 
accommodation reflex was paralyzed with topical application of 1% tropicamide (Mydriacyl) 
and 2.5% phenylephrine hydrochloride (Mydfrin) (Alcon Laboratories, Fort Worth, TX). 
Intraocular pressures (IOP) were also monitored before and after the recording session by 
applanation tonometry (TonoPen XL; Mentor, Norwell, MA, USA). There were no significant 
IOP and pupil size differences noted between the beginning and the end of the ERG 
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procedure. The eyes were treated with 0.5% proparacaine hydrochloride (Alcaine; Alcon 
Laboratories, Fort Worth, TX, USA) to anesthetize the cornea and then protected by 
application of 2.5% methylcellulose (Gonak; Akorn, Inc., Buffalo Grove, IL, USA) to prevent 
corneal drying. Body temperature was maintained between 36.5°C and 38°C with a heating 
pad. Recording sessions lasted approximately two hours for each animal, after which they 
were allowed to recover and returned to their prior naturalistic setting. 
 
Visual Stimulation 
Full-field stimulation was produced with an UTAS BigShot Ganzfeld light source (UTAS E-
3000 electrophysiology equipment; LKC Technologies, Inc., Gaithersburg, MD, USA) that 
was placed in front of the animal’s face. Both eyes were simultaneously recorded and 
averaged as detailed below. The ERGs were evoked by white flashes of light of intensities 
ranging from 0.00025 cd.sec.m-2 to 1000 cd.sec.m-2 delivered in full-field conditions. During 
the course of dark adaptation, ERGs were recorded at 3 minutes intervals over 30 minutes of 
dark adaptation with a constant stimulus of approximately 0.025 cd.s.m-2. LED flash 
luminance of 0.00025 to 6 cd.sec.m-2 (-50 dB to 4 dB in LKC units) was used for scotopic 
stimulation. Responses were averaged for each of the 14 time-integrated flash luminance 
levels presented (ranging from -3.6 to 2.9 log cd.s.m-2 in approximately 0.3 log-unit steps; 
flash duration, 20 µs; inter-stimulus interval, 5 sec for -3.6 to 0.4 log cd.s.m-2 and 15 sec for 
0.6 to 2.9 log cd.s.m-2) and xenon flash luminance of 2.5 to 800 cd.sec.m-2 (0 dB to 25 dB in 
LKC units) for photopic stimulation (ranging from -2.2 to 2.9 log cd.s.m-2 in approximately 
0.3 log-unit steps; flash duration, 20 µs; inter-stimulus interval, 2 sec for all intensities). For 
light-adapted ERGs a steady white background-adapting field (30 cd/m2) was presented inside 
the Ganzfeld to saturate the rod system. Flash intensities and background luminance were 
calibrated using a research radiometer (IL1700 Photometer; International Light Inc., 
Newburyport, MA, USA) with a SED033 detector placed at 36 cm from the source. 
 
ERG recording and analysis 
All experimental protocols followed the guidelines of the ISCEV [4], specifying the 5 standard 
responses: (1) a dark-adapted response (rod response), (2) a dark-adapted maximal response 
(combined rod–cone response), (3) a dark-adapted oscillatory potentials response, (4) a light-
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adapted response (cone response), and (5) a light-adapted response to a rapidly repeated 
stimulus (30 Hz flicker). ERG recordings and signal processing were recorded with contact 
lens electrodes lying across the center of the cornea of each eye moistened with 1% 
carboxymethylcellulose sodium (Refresh Celluvisc, Allergan Inc., Markham, ON, Canada). 
The corneal contact lens electrode (Jet electrodes; Diagnosys LLC, Lowell, MA, USA) was 
equipped with four small posts on the convex surface in order to keep the eyelids open. 
Reference and ground gold disc electrodes (model F-E5GH; Grass Technologies, Astro-Med, 
Inc., West Warwick, RI, USA) were kept in place with adhesive paste (Ten20 conductive EEG 
paste; Kappa Medical, Prescott, AZ, USA) at the external canthi and forehead, respectively. 
Responses were amplified 10,000 times and filtered with a band pass from 1 to 500 Hz except 
for the oscillatory potentials, which were extracted with the LKC software with a band pass 
from 75 to 500 Hz. Each tracing included a 20 ms pre-stimulus baseline. Depending on the 
measured stimulus, up to 10 waveforms were averaged to reduce variability and background 
noise. Based on literature focusing on the origins of ERG waves in a primate model (macaque 
monkey) whose retina is very similar to that of humans [2], the origins of the waveforms are 
described. For the waveform analysis, the amplitude of the a-wave, which mainly reflects the 
function of photoreceptors, was measured from the baseline to the peak of the a-wave for the 
combined rod-cone response and the single-flash cone response. The amplitude of the b-wave, 
which reflects the activity of the inner nuclear layer, was measured from the peak of the a-
wave to the peak of the b-wave for all responses. The peak latency was defined from the onset 
of the flash to the peak. In the case of the oscillatory potentials, the latency to the second peak 
was usually determined, where the amplitude was defined as peak to trough amplitude from 
the peak of the second wave to the following trough. The amplitude of the i-wave was 
measured from the trough of the b-wave to the peak of the i-wave and its respective peak time 
was also measured from flash onset. The exact origin of the i-wave is still controversial. Some 
have suggested that this component is generated at the inner retinal level [28], and others that 
it origins at a more distal location [29]. The latter point is highlighted in ocular pathology 
studies. For example, the i-wave in glaucoma patients [30] and in glaucoma animal models 
[29] is increased, suggesting that it does indeed originate in the distal retina. In the 30 Hz 
flicker ERG, the second peak was evaluated in relation to the preceding trough. Retinal 
response diagrams were drawn using Adobe Illustrator and processed in Adobe InDesign 
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(Adobe Systems, software version CS5; San Jose, CA, USA). The ERG procedure is 
summarized schematically in Figure 1. 
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Results 
The five standard responses 
All 15 Green Monkeys displayed very well detectable and easily reproducible ERG 
recordings, using the protocol described in the Experimental Procedure section (Figure 1). As 
indicated by the ISCEV, the five standard responses and the recommended additional stronger 
scotopic flash ERG are illustrated in Figure 2 for a representative Green Monkey. The typical 
scotopic ERG signal is formed, as expected, by an initial negative wave (the a-wave) and 
followed by a larger positive wave (the b-wave). Faster components of lower amplitude, 
known as the oscillatory potentials (OPs), are seen in the ascending limb of the scotopic b-
wave. These OPs were as prominent as those obtained in humans. Given uncertainty of how 
best to quantify OPs, we chose to measure the amplitude from the peak of the second wave to 
the following trough, as described in the Experimental Procedure section. Thus, the 
chronological sequence of electrical events in a typical photopic ERG response observed in 
the Green Monkey, as in humans, is the a-wave, b-wave, and i-wave. During 30 Hz flicker 
stimulation, double peaks were often detectable in the b-waves. In these cases, both the 
amplitudes and implicit times were measured at the first peak. The signal-to-noise ratio was 
high for all categories, and no extra filter such as a notch filter had to be used, even in single 
sweep curves. Our mean results obtained in 15 Green Monkeys are summarized in Table 2; the 
mean amplitudes and latencies of the five standard ISCEV responses are specific to a flash 
intensity and light adaptation status. 
 
 
Figure 1. Summarized schematic procedure describing a typical electroretinography recording 
session in a Green Monkey (Chlorocebus sabaeus). Int, intensity; Fla, flashes; ISI, inter 
stimulus interval. 
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Figure 2. Standard responses for full-field electroretinography in a representative Green 
Monkey (Chlorocebus sabaeus), including the 5 standard responses: a rod response, a 
combined rod–cone response, oscillatory potentials, a cone response, and a flicker response. 
(A) Rod response elicited at -2.2 log cd.s.m-2 (0.0064 cd.s.m-2) after 30 minutes of dark 
adaptation. (B) Maximal response elicited at 0.4 log cd.s.m-2 (2.57 cd.s.m-2, standard flash) in 
the dark-adapted eye. (C1) Broadband scotopic ERG waveform and (C2) the corresponding 
software-filtered oscillatory potentials elicited at 0.6 log cd.s.m-2 (4.4 cd.s.m-2) in the dark-
adapted eye. (D) The recommended additional stronger flash ERG elicited at 10.0 cd.s.m-2 in 
the dark-adapted eye. (E) White flash cone response elicited at 0.4 log cd.s.m-2 in the light 
adapted eye with a background illumination of 30 cd.m-2. (F) Flicker response (30 Hz) elicited 
at 0.4 log cd.s.m-2 after five minutes of light adaptation with a background illumination of 
30 cd.m-2. Tracings (A, B, C1, D, E) included a 20 ms pre-stimulus baseline. Horizontal 
calibration, 40 ms; vertical calibration, 50 µV. 
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Table 2. Responses to standardized electroretinography in Green Monkeys. Data are reported 






















Rod response - - 88.9 ± 26.6 79.9 ± 6.1 0.0064 Dark 
Maximal 
response 
115.1 ± 40.2 14.8 ± 0.7 203.7 ± 52.6 36.7 ± 3.8 2.5 Dark 
Oscillatory 
potential 
- - 60.2 ± 15.5 20.3 ± 0.9 4.4 Dark 
Strong flash 
response 
174.9 ± 27.2 9.8 ± 0.4 230.7 ± 40.6 30.8 ± 3.6 10.0 Dark 
White flash cone 
response 
22.1 ± 4.5 12.3 ± 1.2 81.5 ± 19.4 27.7 ± 1.5 2.5 Light 
30 Hz flicker - - 88.9 ± 20.2 24.3 ± 1.0 2.5 Light 
 
ERG responses throughout dark-adaptation 
ERGs were recorded during the course of dark-adaptation at 3 min intervals over 
30 min with a constant stimulus intensity of approximately 0.006 cd.s.m-2 (Figure 3). We have 
not pursued the recordings over 30 minutes based on the human [4] and monkey literature 
[27]. For example, Bee (2001) reported that in cynomologus monkeys (Macaca fascicularis), 
plateau was reached around 20 minutes. 
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Figure 3. Response versus time functions of b-wave amplitude (A) and latency (B) throughout 
dark-adaptation elicited at -2.2 log cd.s.m-2 (0.0064 cd.s.m-2). Each data point indicates 
average (± SEM) of all 15 monkeys. 
 
Intensity–response function of scotopic and photopic ERG 
Beyond the ordinary requirements of the ISCEV, ERG responses to stimuli of increasing flash 
intensity in dark-adapted (Figure 4A) and light-adapted conditions (Figure 4B) were also 
recorded. Both intensity response series were obtained from the same monkey, and in the same 
recording session. It can be seen in the figure that the two recording conditions yield ERG 
responses of different amplitude, timing and morphology. The distribution of full-field ERG 
amplitudes and implicit times are often asymmetrical, even in large groups of normal 
monkeys, such that use of statistics based on a normal distribution can be misrepresentative 
[27]. We used a log transformation of the data to reduce variance. Figure 5 shows the results 
of the scotopic a-wave and b-wave amplitudes and latency versus log flash intensity (cd.s.m-2) 
functions. It is worthwhile to note a sigmoid curve characterizes the amplitudes as well as the 
latencies functions in the Green Monkey. Moreover, the b-wave amplitude decreased at the 
highest intensity of 2.9 log cd.s.m-2 with an inter-stimulus interval of 15 seconds (Figure 5A 
and 5C). The photopic functions are shown in Figure 6. The values given at 0.4 log cd.s.m-2 
(standard flash) represent the white flash cone response as recommended by the ISCEV. These 
results are also known from studies on non-human and human primate retinal functions [27], 
[31]. 
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Figure 4. ERG responses to stimuli of increasing flash intensity, from top to bottom, in the 
dark-adapted eye (A) and in the light-adapted eye (B) of a representative Green Monkey 
(Chlorocebus sabaeus). Vertical arrow indicates flash onset. Horizontal calibration, 20 ms; 
vertical calibration, 75 µV. 
 
  188 
 
Figure 5. Response versus intensity function for the a-wave amplitude (A), a-wave latency 
(B), b-wave amplitude (C), and b-wave latency (D) of the scotopic ERG. Each data point 
indicates average (± SEM) of all 15 monkeys. 
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Figure 6. Response versus intensity function for the a-wave amplitude (A), a-wave latency 
(B), b-wave amplitude (C), and b-wave latency (D) of the photopic ERG under rod-
suppressing background illumination (30 cd.m-2). Each data point indicates average (± SEM) 
of all 15 monkeys. 
 
The photopic hill effect 
In the recordings of light-adapted eyes, the amplitude of the a-wave augments 
regularly with the gradual increase in intensity of the stimulus, while amplitude of the b-wave 
first increases to a maximum (Vmax), and finally decreases with presentation of progressively 
brighter stimuli. This effect has been well demonstrated in humans [32]. The photopic flash 
ERG of the Green Monkey includes a post b-wave component identified as the i-wave that is 
best seen using the standard flash (0.0 log cd.s.m-2) after light adaptation (Figure 4). 
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Discussion 
These results provide normative values for the standard ERG protocol in Green 
Monkeys, with the general finding that full-field flash ERG responses in these monkeys are 
similar to those in humans. We report the 5 responses in Green Monkeys as recommended by 
ISCEV, which are the standard protocols for ERG in humans [4] and cynomolgus monkeys 
[27]. The ISCEV consensus standard provides the basis for stable comparison between 
research laboratories and clinical ERG recordings. However, information about additional 
stimuli is often necessary for specific applications, such as in considering the higher retinal 
illuminances for rod responses in human neonates [33], and dark-adapted flicker in retinitis 
pigmentosa [34]. Throughout the present study, particular attention was paid to IOP and pupil 
dilatation, with an aim to reduce variability (Table 1). Human and non-human primates are 
mammals that share similar vascular anatomy of the eyes, and have a macular/foveal region 
and multiple cone types that offer them high visual acuity and color vision. It is notable that 
our values of amplitude and latency in Green Monkeys are closer to those in humans [4], 
relative to corresponding results in cynomolgus monkeys [27], [35], and it may be that the 
differences are as much attributable to laboratories they are to species differences. 
 
The ERG responses to the standard tests in Green Monkeys were similar to the 
responses in humans even though the axial length of Green Monkey eyes is a bit lower than 
humans, i.e. 18 mm in the Green Monkey and 24 mm in humans [36]. In particular, the shape 
and latency of the curves are highly comparable. We can safely assume that the higher 
amplitudes found in man [31] are due to the large diameter and larger retinal surface area of 
the human eye, which have a direct relation with the net electric field and thus on the 
measured responses. Accordingly, differences in amplitude but not in latency have been 
observed in human subjects with high myopia or small refractive error, as expected due to 
differences in axial length [37]. In the present study, slight differences in amplitude were 
occasionally noticed in the other eye, but were in every case within the 10% inter-ocular 
amplitude differences in normal human subjects [38]. Furthermore, the standard amplitude of 
OPs was a bit larger than the range in cynomolgus monkeys [27], but lower than those of 
humans [39]. The implicit times of OPs were within the same range for monkeys and humans. 
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Full-field stimulation, as employed presently, is the most effective way of eliciting an 
ERG representative of the entire population of cones and rods in the primate retina [40]. 
Replicable peak amplitudes and implicit times can therefore be obtained with full-field ERG 
recordings. Recordings of photopic ERGs are used to assess the functioning of the cone 
system in humans and animals. As defined above, in response to progressively brighter 
stimuli, the b-wave of the photopic ERG gradually increases in amplitude, attains a plateau 
(the maximal b-wave amplitude which is reached for a narrow range of intensities, Vmax), and 
then rapidly decreases with further increments in the luminance of the flash. This unique 
luminance–response function was originally termed "the photopic hill" [41]. The photopic hill 
in the primate ERG results mainly from two factors: the reduction of the ON-component 
amplitude at higher intensities and the delay in the positive peak of the OFF-component at 
higher intensities [42]. Scotopic ERGs, on the other hand, are used to evaluate the integrity of 
the rod system in humans and animals [2], [43]. 
 
At about 20 ms after a typical human photopic b-wave, a second positive signal is 
seen, the i-wave [44]. This feature is common to the photopic ERG of many species except 
mice and rats [28]. The i-wave amplitudes and latencies in Green Monkeys were similar to 
those reported previously for most mammals [28]. It is interesting to note that in humans, the 
amplitude of the i-wave saturates at a dimmer flash intensity than that needed to evoke a b-
wave of maximal amplitude [45]. 
 
In general, it is important to consider how best to interpret a finding of altered 
electroretinogram in the clinic and in animal models. Normal scotopic and photopic a-waves 
indicate normal functioning of rod and cone outer segments. In particular, it has been proposed 
that the scotopic ERG b-wave is the result of depolarization of ON-bipolar cells [46], [47]. 
Consequently, a pathological or pharmacological decrease in amplitude of the b-wave of the 
rod ERG and of the scotopic standard combined ERG might both result from a postsynaptic 
abnormality in the rod ON-pathway, plausibly due to a postsynaptic abnormality in the cone 
ON-pathway because it generates this response [46], [48]. The ON-pathway is often 
considered to influence contrast sensitivity [49], [50]. For instance, impairments of contrast 
  192 
sensitivity are reported clinically in disorders with ON-pathway dysfunction [51], such as 
melanoma-associated retinopathy [52], congenital stationary night blindness [53]. 
 
Specific values for amplitude and b-wave implicit time will necessarily differ between 
laboratories due to minor variations in recording electrodes, equipment, and protocol, not to 
mention species differences. Among the various technical factors potentially impacting the 
ERG amplitudes include contact lens placement, the structural integrity of the corneal surface, 
pupil size, and even IOP. It is important to consider these factors when interpreting the results. 
Nevertheless, in order to control for these technical and biological influences, we collected the 
physiological relevant data before and after the ERG recordings for each monkey, so as to 
provide a stable basis for comparison in future studies of pharmacology and disease models in 
the Green Monkey. The present results entailing recordings performed in accordance with the 
ISCEV, and with the ERG encompassing 30 minutes of dark adaptation correspond very well 
with similar results obtained in humans. Thus, the Green Monkey promises to serve as an 
excellent animal model for retinal function testing, for example in toxicity evaluation. 
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Abstract 
The expression patterns of the cannabinoid receptor type 1 (CB1R) and the 
cannabinoid receptor type 2 (CB2R) are well documented in rodents and primates. In vervet 
monkeys, CB1R is present in the retinal neurons (photoreceptors, horizontal cells, bipolar 
cells, amacrine cells, and ganglion cells) and CB2R is exclusively found in the retinal glia 
(Müller cells). However, the role of these cannabinoid receptors in normal primate retinal 
function remains elusive. Using full-field electroretinography in adult vervet monkeys, we 
recorded changes in neural activity following the blockade of CB1R and CB2R by the 
intravitreal administration of their antagonists (AM251 and AM630, respectively) in photopic 
and scotopic conditions. Our results show that AM251 increases the photopic a-wave 
amplitude at high flash intensities, whereas AM630 increases the amplitude of both the 
photopic a- and b-waves. In scotopic conditions, both blockers increased the b-wave 
amplitude, but did not change the a-wave amplitude. These findings suggest an important role 
of CB1R and CB2R in primate retinal function. 
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Introduction 
The endocannabinoid system is composed of cannabinoid receptor type 1 (CB1R), 
cannabinoid receptor type 2 (CB2R), their endogenous ligands (endocannabinoids), and their 
synthetizing and metabolizing enzymes. The physiological and psychological effects of 
cannabinoids can be detected almost everywhere in the body due to the abundance of 
cannabinoid receptors. Expression patterns of CB1R and CB2R are well documented in the 
retina of numerous species, including rodents and primates [1-6]. In rodents, CB1R and CB2R 
are expressed in many retinal cell types, particularly cone and rod photoreceptors, horizontal 
cells, amacrine cells, bipolar cells, and ganglion cells [1, 7]. In vervet monkeys, CB1R is 
mainly found in cones of the central retina, in rod spherules with very low expression, 
horizontal cells, bipolar cells, amacrine and ganglion cells [5]. CB2R, on the other hand, is 
strictly expressed in primate glial Müller cells [6]. Beyond the retina, the expression pattern of 
CB1R has been observed in the dorsal lateral geniculate nucleus [8] and primary visual cortex 
[9] of primates. 
 
Most of our knowledge on the role of cannabinoids in human vision comes from 
reports, anecdotes and studies with cannabis consumers (for review see [10]). Besides the 
well-known “red eye” effect (vasodilation) of marijuana and reduction of intraocular pressure 
(IOP) [11-13], the functional effects of endocannabinoids on the visual system are not yet well 
defined [14]. Nevertheless, the administration of cannabinoids produces some known 
alterations in the human visual system. Indeed, case studies suggested the existence of 
cannabis-mediated visual effects in humans, particularly an increase in glare recovery at low 
contrast [15], a reduction in Vernier and Snellen acuities [16, 17], improvement in night vision 
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[18, 19], blurred vision [20], changes in color discrimination, and an increase in 
photosensitivity [21]. Most of the latter (psychophysical) effects may have a retinal 
component, which might be due to neurochemical changes induced by the retinal 
endocannabinoid system. Indeed, many physiological effects of cannabinoids were reported 
for every retinal cell type in bovines, guinea pigs, rodents, and fishes (for review see [10, 22]). 
In the bovine retina, the activation of CB1R increases monoamine oxidase [23]. In the guinea 
pig retina, stimulation of CB1R results in the inhibition of dopamine release [24], and in the 
rat retina, the activation of cannabinoid receptors modulates [35S] GTPγ S-binding and 
voltage-dependent membrane currents in photoreceptors, bipolar cells and ganglion cells [3, 
25-28]. In addition, cannabinoid agonists increase the cone response to light offset in the 
goldfish retina [29]. 
 
The electroretinogram (ERG) is a useful tool for assessing retinal function by 
measuring the electrical responses of all populations of retinal cells, mainly photoreceptors 
(cones and rods), bipolar cells, amacrine cells, and Müller cells [30, 31, 32]. The ERG waves 
include two main components: the negative amplitude (a-wave) and the positive one (b-wave). 
Traditionally, the a-wave reflects the response of rods and cones to light [33-34]. The 
generation of the b-wave, the second major component of the ERG, is attributed to the inner 
retina, mainly the depolarization of bipolar and Müller cells [30-32, 35-39]. Specific stimuli 
and recording environments are selected to isolate the components of the ERG and target 
particular populations of retinal cells. For instance, rod function is assessed in dark-adapted 
eyes, under scotopic conditions, while cone responses are better assessed with high intensity 
flashes, under photopic conditions [38]. In this study, we investigated the changes in normal 
  205 
retinal function as measured by electroretinography in adult vervet monkeys after blockade of 
CB1R or CB2R by their antagonists AM251 and AM630, respectively. 
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Material and Methods 
Choice of species. Vervet monkeys are becoming the preferred animal model used in 
biomedical research second only to the rhesus macaque [40]. Vervets are very similar in 
physiology and behavior to macaques, and they are more accessible, disease-free with less 
health and safety risks. Vervet monkeys have a foveal binocular vision with a high cone 
density that decreases with eccentricity, trichromatic color vision and a six-layered dorsal 
lateral geniculate nucleus [41, 42]. Recently, we have standardized a non-invasive, painless 
ERG method for vervet monkeys [43] that showed highly comparable recordings to macaques 
[44] and humans [45]. 
 
Subjects. Sixteen vervet monkeys (Chlorocebus sabaeus) were tested in this study. Six of 
those monkeys were injected with AM251, and another six were injected with AM630. An 
additional 4 monkeys were injected with the vehicle (DMSO) used for the dilution of our 
antagonists in order to provide control values. The animals were fed with primate chow 
(Harlan Teklad High Protein Monkey Diet; Harlan Teklad, Madison, WI, USA) and fresh 
local fruits, with water available ad libitum. All experiments were performed according to the 
guidelines of the Canadian Council on Animal Care (CCAC) and the Association for Research 
in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 
Vision Research. The experimental protocol was also reviewed and approved by the local 
Animal Care and Use Committee (University of Montreal, protocol # 14-007) and the 
Institutional Review Board of the Behavioral Science Foundation. None of the animals were 
sacrificed for this study. 
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Animal preparation for ERG recordings. All procedures were in accordance with the 
standard protocol of electroretinography in vervet monkeys [43]. Briefly, all animals received 
an intramuscular injection of ketamine (10 mg/kg; Troy Laboratories, Glendenning, New 
South Wales, Australia) and xylazine (1 mg/kg; Lloyd Laboratories, Shenandoah, IA, USA) to 
maintain an adequate level of sedation that prevents the animals from moving and blinking. 
This drug mixture has no effect on the ERG recordings [46]. With 1% tropicamide 
(Mydriacyl) and 2.5% phenylephrine hydrochloride (Mydfrin) (Alcon Laboratories, Fort 
Worth, TX, USA), the pupils were fully dilated (approximately 9 mm in diameter), and the 
accommodation paralyzed. The cornea was anesthetized with 0.5% proparacaine 
hydrochloride (Alcaine; Alcon Laboratories, Fort Worth, TX, USA). To prevent corneal 
drying, the eyes were moisturized frequently with 2.5% methylcellulose (Gonak; Akorn, Inc., 
Buffalo Grove, IL, USA). Body temperature was maintained between 36.5°C and 38°C with a 
heating pad. After a recording session that lasted about 2 hours, the animals were sent back to 
their prior natural settings after a recovery period in isolation. 
 
Intravitreal Injection. The CB1R antagonist AM251 was purchased from Cayman Chemicals 
(Ann Arbor, MI, USA). The CB2R antagonist AM630 was purchased from Tocris (Tocris 
Bioscience, Ellisville, MO, USA). Both antagonists were diluted in DMSO under sterile 
conditions. Assuming no leakage, the final concentration was 1.5% v/v for DMSO, 0.01 mg/µl 
for AM251, and 0.003 mg/µl for AM630. To factor out any effects of the vehicle (DMSO), we 
subtracted the ERG recordings of the DMSO-injected animals from the ERG recordings of the 
drug-injected animals. In this way, the effects that we report are only those above and beyond 
effects of the vehicle. After inspection and examination of the eyes, the cornea was cleaned 
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with 5% povidone-iodine solution for 45 seconds. A drop of the topical anesthetic, pilocarpine 
proparacaine, was then applied over the injection site. The conjunctival and corneal surfaces 
were further moistened with methylcellulose (Moisture Eyes, Bausch & Lomb Canada, 
Vaughan, ON, Canada). The cornea was protected with sterile coatings while placing the 
Barraquer eye speculum (1.75 inches, 10 mm wide small blades). A total of 50 µL of drug 
solution was injected 2 mm posterior to the corneal limbus into the vitreous cavity. Upon 
removal of the needle, the injection site was compressed for about one minute using a sterile 
cotton swab to avoid reflux. The back of the eye was inspected using an ophthalmoscope 
before and after the intravitreal injection to verify the integrity of the retina. No substantial 
differences were observed in intraocular pressure before and after the intravitreal 
administration. As a follow up, the animals’ eyes were checked every day for seven days 
following injection, and a topical antibiotic ointment was administered (Tobrex, 0.3% 
Tobramycin ophthalmic ointment, Alcon Canada, Mississauga, Canada). 
 
Visual Stimulation. Full-field stimulation was produced by a Ganzfeld light source (UTAS E-
3000 electrophysiology equipment; LKC Technologies, Inc., Gaithersburg, MD, USA) that 
was placed in front of the animal’s face. The ERGs were evoked by <5 ms white flashes 
delivered in full-field conditions. Xenon flash luminance of 2.5 to 800 cd.s.m-2 (0 dB to 20 dB 
in LKC units) was used for photopic recordings and LED flash luminance of 2.5x10-5 to 6 
cd.s.m-2 (-40 dB to 4 dB in LKC units) for scotopic recordings. For light-adapted ERGs a 
steady background-adapting field (30 cd.m-2) was presented inside the Ganzfeld to saturate the 
rod system. Dark adaptation lasted approximately 20 minutes. Inter-stimulus intervals of at 
least 20 seconds were used at high intensities in the dark-adapted eyes. Flash intensities and 
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background luminance were calibrated using a research radiometer (IL1700 Photometer, 
International Light Inc., Newburyport, MA, USA) with a SED033 detector placed at 36 cm 
from the source. 
 
ERG recording. All ERG procedures followed the ISCEV guidelines and the recently 
published standardized ERG protocol of vervet monkeys [43]. ERG responses were recorded 
differentially between corneal contact lens electrodes (Jet electrodes, Diagnosys LLC, Lowell, 
MA, USA) lying across the center of the cornea of each eye. The jet electrodes were equipped 
with four small posts on the convex surface in order to keep the eyelids open. Reference and 
ground gold disc electrodes (model F-E5GH; Grass Technologies, Astro-Med, Inc., West 
Warwick, RI, USA) were respectively placed to the external canthi and forehead with 
adhesive paste (Ten20 conductive EEG paste, Kappa Medical, Prescott, AZ, USA). For the 
analysis of the waveforms, the a-wave amplitude was measured from the baseline to the 
trough of the a-wave. The amplitude of the b-wave was measured from the trough of the a-
wave to the peak of the b-wave. The peak latency was defined from the onset of the flash to 
the trough or peak. Baselines and post-injection photopic amplitudes and latencies were 
calculated as averages to minimize the noise inherent in the ERG signals and improve power, 
allowing for robust parametric statistical analysis. Since there was only one baseline recording 
of the injected eye, the baseline value was calculated from an average across both eyes (when 
available) since ERGs do not vary considerably across eyes [47]. For the post-injection values, 
we had several recordings from the injected eye (one every 10 minutes for 40 minutes). Visual 
inspection revealed the peak effect to be present at both the 30 and 40 minutes post-injection 
recordings. These were therefore averaged to obtain post-injection values for each intensity 
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flash. Retinal response diagrams were drawn using Adobe Illustrator and processed in Adobe 
InDesign (Adobe Systems Canada, Ottawa, ON, Canada, software version CS5). The 
recording protocol for assessing the effect of the drugs is summarized in Figure 1. 
 
Figure 1. A schematic procedure illustrating a typical ERG recording session for testing ERG 
changes following an intravitreal injection in vervet monkeys (modified from [43]). LA, light 
adaptation; Phot, photopic. 
 
Statistical analysis. The absolute trough (a-wave) and peak (b-wave) of the ERG curves were 
obtained at each light intensity value. When the ERG curve for low light intensities (<-2 log 
cd.s.m-2) did not return to baseline 350 ms after the stimulus, the amplitudes of the a- and b-
wave were corrected to account for the baseline shift. When no a-wave, or no wave at all, was 
detected, an amplitude of 0 was given and the latency was left blank for that specific stimulus 
intensity. Outliers (±2.5 STD) were removed (<2% overall). Post-injection amplitudes and 
latencies were expressed as percent of change from pre-injection amplitudes (post minus pre, 
divided by pre). The delta change percentages of injecting AM251 and AM630 were then 
subtracted from the delta change percent for the control injection, the vehicle DMSO. Thus, 
positive normalized effects indicate an increase as a result of injecting the drug, greater than 
the change that results from injecting the vehicle alone. To assess the statistical significance 
of the observed increase, we analyzed the amplitudes of the a- and b- waves using General 
Estimating Equations (GEE) with flash intensity as a within subject factor, because each 
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monkey was repeatedly measured (at each flash intensity). These main effects, and their 
interaction, were used to estimate the normalized effects of retinal injection of AM251 and 
AM630 on retinal function. Significant effects were followed up, when appropriate, with 
pairwise comparisons - significant values indicated with stars in the relevant figures. 
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Results 
Retinal function in photopic conditions 
Retinal function was evaluated using electroretinography in light-adapted conditions 
following injection of the vehicle DMSO, the CB1R antagonist AM251, or the CB2R 
antagonist AM630 (Figure 2). 
 
Figure 2. Raw photopic ERGs in the different drug injection groups. Representative ERGs 
recorded after intravitreal injection of DMSO (black, left column), AM251 (red, middle 
column) or AM630 (blue, right column). ERG recordings of each treated animal were 
established by presenting progressively brighter flashes (top to bottom) indicated to the left of 
the traces as the flash intensity (log cd.s.m-2). Horizontal calibration, 20 ms; vertical 
calibration, 75 µV. 
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Photopic b-wave 
Our results show that the amplitudes of the b-wave after injection maintained a normal 
photopic hill shape indicating that the functional integrity of the retina was not impaired 
(Figure 3A). GEE analysis revealed a significant main effect of flash intensity (p<.001), and a 
significant interaction between the flash intensity and injection group (p=.001). The 
interaction was followed up with pairwise comparisons. AM251 was not significantly different 
from DMSO at any of the flash intensities (Figure 3B). In contrast, AM630 caused a 
significant increase in amplitude, relative to the control injection, across several flash 
intensities, from 0.6 to 1.6 log cd.s.m-2 (0.6: 55% increase in amplitude relative to the control, 
p=.041; 0.9: 53% increase, p=.038; 1.4: 63% increase, p=.003; 1.6: 60% increase, p=.011; 
significant effects indicated with * in Figure 3C). The main effect of AM251 is, on average, a 
6% increase, which is not significantly different from the vehicle alone, represented by zero on 
the y-axis of Figures 3B-D (p=.713). Also, the main effect of AM630, averaged across all 
flash intensities, is a non significant, but trending, 34% increase in responsiveness of the retina 
compared to the vehicle alone (p=.067, Figure 3D). Latencies were also analyzed with the 
same GEE model and the interaction (p<.05) was followed up as above. Pairwise comparisons 
revealed no significant differences, between the drugs and the vehicle, at any of the flash 
intensities (not shown). 
 
Figure 3. Photopic b-wave amplitudes. (A) Amplitudes of photopic ERG b-waves plotted as a 
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function of flash intensities. (B) Scatter plot for normalized b-wave amplitude as a function of 
flash intensity in AM251-injected monkeys. Grey points indicate raw values, red data points 
with error bars indicate the mean and standard error of the mean. (C) Scatter plot and linear 
regression for normalized b-wave amplitude as a function of flash intensity in AM630-
injected monkeys. Grey points indicate raw values, blue data points with error bars indicate 
the mean and standard error of the mean. (D) Main effect of average amplitudes across 
intensities in AM251 (red) or AM630 (blue) groups. *p<.05. 
 
Photopic a-wave 
Our results show that post-injection, the amplitude of the a-wave followed the normal curve 
(Figure 4A). The effect of the drugs was, however, quite different from the vehicle. GEE 
analysis revealed a significant main effect of flash intensity (p<.001), and a significant 
interaction between the flash intensity and drug group (p<.001). This interaction indicates that 
the effect of the drugs was not the same across all flash intensities. The interaction was 
followed up with pairwise comparisons. AM251 caused a significantly higher amplitude than 
DMSO at the highest flash intensities of 2.4 and 2.9 log cd.s.m-2 (2.4: 36% increase in 
amplitude relative to the vehicle, p=.040; 2.9: 32% increase, p=.038; significant effects 
indicated with * in Figure 4B). For its part, AM630 caused a significant increase in amplitude, 
relative to the control injection, across a larger set of flash intensities, from 0.9 to 2.9 log 
cd.s.m-2 (0.9: 30% increase, p<.001; 1.4: 38% increase, p=.002; 1.6: 32% increase, p=.001; 
2.4: 39% increase, p=.015; 2.9: 35% increase, p=.006), significant effects indicated with * in 
Figure 4C). AM251 caused an increase in the a-wave amplitude only at the highest flash 
intensities, while AM630 increases the a-wave amplitude across a wider set of flash 
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intensities. The main effect of AM251 is, on average, a 12% increase, which is not significant 
relative to the vehicle alone (p=.428). Conversely, the main effect of AM630, averaged across 
all flash intensities, is a non-significant but trending 26% increase in the responsiveness of the 
retina compared to the vehicle alone (p=.080, Figure 4D). Latencies were also analyzed with 
the same GEE model and the interaction (p<.05) was followed up as above. Pairwise 
comparisons at each intensity value revealed no significant differences between the drugs and 
the vehicle (not shown). 
 
Figure 4. Photopic a-wave amplitudes. (A) Amplitudes of photopic ERG a-waves plotted as a 
function of flash intensities. (B) Scatter plot for normalized a-wave amplitude as a function of 
flash intensity in AM251-injected monkeys. Grey points indicate raw values, red data points 
with error bars indicate the mean and standard error of the mean. (C) Scatter plot and linear 
regression for normalized a-wave amplitude as a function of flash intensity in AM630-
injected monkeys. Grey points indicate raw values, blue data points with error bars indicate 
the mean and standard error of the mean. (D) Main effect of average amplitudes across 
intensities in AM251 (red) or AM630 (blue) groups. *p<.05. 
 
Retinal function in scotopic condition 
To assess the effect of the cannabinoid receptors blockers in scotopic conditions, ERGs 
responses of the dark-adapted retina were also registered after administration of DMSO, 
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AM251 or AM630. The ERG tracings maintained their normal shape following injection. 
However, the amplitudes of the b-wave were increased for both treatment groups, while the 
drugs did not reliably alter the pattern of the a-waves (Figure 5). 
 
Figure 5. Raw scotopic ERGs in the different drug injection groups. Representative ERGs 
recorded after intravitreal injection of DMSO (left column), AM251 (middle column) or 
AM630 (right column). ERG recordings of each treated animal were established by 
presenting progressively brighter flashes (top to bottom) indicated to the left of the traces as 
the flash intensity (log cd.s.m-2). Horizontal calibration, 20 ms; vertical calibration, 75 µV. 
 
Scotopic b-wave 
Post-injection, the amplitude of the scotopic b-waves had the normal shape: increasing 
amplitudes for increasing flash intensities (Figure 6A). The effect of the drugs were, however, 
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quite different from the vehicle. GEE analysis revealed a significant main effect of injection 
group (p<.001). There was no main effect of flash intensity (p=.842) nor was there an 
interaction of group with flash intensity (p=.953). Due to a lack of interaction, pairwise 
comparisons at each flash intensity were not justified, but mean and standard errors are 
plotted in Figure 6B (AM251) and Figure 6C (AM630). Following up on the main effect of 
drug, pairwise comparisons between groups revealed significantly higher amplitudes 
following the injection of AM251 compared to the vehicle alone (20% increase, p<.001) and 
a similar increase in amplitude following injection of AM630 (18% increase, p=.002), (Figure 
6D). The difference between these two drugs was not significant (p=.596). Latencies had the 
same pattern of effect as the amplitudes. That is, a main effect of drug: both pharmacological 
agents led to a significant increase in the latency relative to the vehicle (AM251: 8%, p=.036; 
AM630: 12%, p=.001). No interactions were present (not shown). 
 
Figure 6. Scotopic b-wave amplitudes. (A) Amplitudes of scotopic ERG b-waves plotted as a 
function of flash intensities. (B) Scatter plot for normalized b-wave amplitude as a function of 
flash intensity in AM251-injected monkeys. Grey points indicate raw values, red data points 
with error bars indicate the mean and standard error of the mean. (C) Scatter plot and linear 
regression for normalized b-wave amplitude as a function of flash intensity in AM630-
injected monkeys. Grey points indicate raw values, blue data points with error bars indicate 
the mean and standard error of the mean. (D) Main effect of average amplitudes across 
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intensities in AM251 (red) or AM630 (blue) groups. *p<.05. 
 
Scotopic a-wave 
Post-injection, the amplitude of the scotopic a-wave had the normal shape: increasing 
amplitudes for increasing flash intensities, beginning at -1 log cd.s.m-2 (Figure 7A.) 
Therefore, the statistical analysis for the scotopic a-wave only involved the values obtained 
from the flashes at -1 to 1.4 log cd.s.m-2. GEE analysis revealed a significant main effect of 
flash intensity (p=.001), and a significant interaction between the intensity of the flash and the 
drug injected (p<.001). The interaction was followed up with pairwise comparisons, between 
the drugs and the vehicle alone, at each flash intensity value. This revealed no significant 
differences, between the drugs and the vehicle, at any of the intensities (Figure 7B and Figure 
7C). Thus, while the two agonists cause varied effects at the different flash intensities, the 
effects of each drug relative to the vehicle alone, at a given flash intensity, were not reliable 
enough to be significant. The overall effect of AM251 and AM630, averaged across the flash 
intensities, was not significantly different from the vehicle alone (Figure 7D). Latencies were 
also analyzed with the same GEE model and the interaction (p<.05) was followed up as 
above. Pairwise comparisons revealed one significant difference at flash intensity 0.6, 
following injection of AM251, the latency to peak was 21% slower compared to the injection 
of the vehicle alone (p=.011, not shown). 
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Figure 7. Scotopic a-wave amplitudes. (A) Amplitudes of scotopic ERG a-waves plotted as a 
function of flash intensities. (B) Scatter plot for normalized a-wave amplitude as a function of 
flash intensity in AM251-injected monkeys. Grey points indicate raw values, red data points 
with error bars indicate the mean and standard error of the mean. (C) Scatter plot for 
normalized a-wave amplitude as a function of flash intensity in AM630-injected monkeys. 
Grey points indicate raw values, blue data points with error bars indicate the mean and 
standard error of the mean. (D) Main effect of average amplitudes across intensities in 
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Discussion 
The purpose of this study was to determine the role of endocannabinoid receptors CB1 
and CB2 in the normal monkey retina. The abundance of CB1R and CB2R expression in the 
retina already pointed to an important role of these receptors in normal vision. We analyzed 
changes in photopic and scotopic ERG responses after blocking these receptors with their 
respective antagonists. The experimental design used DMSO as the control, rather than pre-
injection values, to control for any effects of the vehicle. We demonstrated that in photopic 
conditions, only the blockade of CB2R increased the amplitude of the b-wave, above the 
standard flash intensity value, while blocking CB1R or CB2R increased the amplitude of the 
a-wave, at high flash intensity values. In scotopic conditions, however, blockade of either 
CB1R or CB2R increased only the amplitude of the b-wave irrespective of flash intensity. 
 
Photopic condition 
The amplitude of the main component of the ERG, the photopic b-wave, represents 
primarily the activation of depolarization ON-bipolar cells measured as a positive retinal 
potential on the corneal surface [36, 48-50]. In addition, the b-wave is attributed to the 
interaction of ON-bipolar cells and Müller glial cells [36, 37]. In the vervet monkey, CB1R is 
expressed mainly in cones and in the other retinal components, while CB2R is exclusively 
present in the glial Müller cells, leading to a complementary relationship between neurons and 
glia regarding endocannabinoid action [6]. The light-induced potassium increase in the outer 
and inner plexiform layers’ cells, which are depolarized by light stimulation, modifies the 
Müller cell membrane potential thereby generating electrical responses [51]. Müller cells, via 
KCNJ10 (Kir4.1) channels and potassium siphoning of the excess potassium ions into the 
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vitreous [52, 53], control the light-mediated potassium increase in retinal extracellular space 
[54]. The depolarization of the Müller cells contributes to the ERG b-wave through the 
buffering of potassium channels [35, 55, 56]. Thus, the blockade of these channels should 
result in a decrease of the ERG b-wave [37]. Our results revealed indeed a significant increase 
of the photopic b-wave amplitude following the blockade of CB2R, which supports our 
previously proposed model whereby CB2R in Müller cells activates the potassium channel via 
KIR4.1 [6]. CB2R coupled to Gi/o decreases cAMP levels and the PKA activity [57]. PKA is a 
positive modulator of potassium channels and therefore, the activation of CB2R via a decrease 
of PKA activity will increase the activity of KIR4.1 channels in Müller cells (Figure 8). It may 
also be possible that AM630 affected the OFF cone pathway, that originates from the dendritic 
contacts of bipolar cells with cones, which could partially explain the increase of the photopic 
b-wave amplitude only at the middle intensity flash values [58]. Another potential 
interpretation is that since CB2R is not expressed on cones [6], AM630 may have modulated 
other non-CB2 receptors located on cone photoreceptors. 
 
The a-wave measured under photopic conditions represents cone function. Stimulation 
of cones by light inhibits retinal dark currents through phototransduction signals that take 
place in the cone outer segments as seen in the a-wave of the ERG. The early portion of the a-
wave represents the activity of the cone photoreceptors [59, 60], while the later portion reflects 
the contribution of hyperpolarizing bipolar cells, proximal amacrine cells, and ganglion cells 
[61-63]. Stimulation of cones may activate the CB1R in its pedicles [5], which in turn leads to 
the inhibition of glutamate release in the synaptic cleft. Blocking CB1R will therefore result in 
the increase in glutamate release. This increase mimics the effect of a bright light that 
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contributes to larger amplitude of the photopic a-wave. Blocking CB2R on the other hand, has 
an even larger effect on the amplitude of the a-wave, which can be explained by a similar 
mechanism that involves additional potassium buffering by Müller cells [6] (Figure 8A). Other 
receptors that contribute to the photopic b-wave may also explain how AM630 could affect the 
photopic a-wave. Indeed, the increase of the photopic b-wave might cause a large change in 




The a-wave measured under scotopic conditions represents rod function. In the dark-
adapted retina, blockade of either CB1R or CB2R had no significant affect on the scotopic a-
wave. This null effect can be explained by the small quantity of CB1R expressed in the rod 
spherules in primates [3, 5]. In contrast, the large quantity of putative cannabinoid receptor 
(GPR55), found exclusively in rods [64], has a significant effect on the scotopic ERG [65]. It 
has been reported that AM251 could be also a GPR55 agonist [66]. Thus, we cannot rule out 
that the increase of the scotopic b-wave amplitude following the injection of AM251 might be 
due to GPR55 activity. However, CB1R is found in large quantities in rod bipolar cells [5], 
and in conjunction with CB2R in Müller cells [6], likely contributes to the large increase of 
the scotopic b-wave amplitude. Differential effects between CB1R and CB2R might be 
explained by the nature of the ions channels involved. The potassium-buffering role of Müller 
cells leads to the increase of the scotopic b-wave following CB2R blockade. The calcium 
increase in post-synaptic rod bipolar cells results from CB1R blockade (see Figure 8B). Since 
CB1R agonists induce a reduction in the amplitude of calcium channel currents in retinal 
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bipolar cells [3], it is not surprising, as shown here, that the CB1R antagonist AM251 had the 
opposite effect: mainly, an increase in rod bipolar cells activity. 
 
Figure 8. Schematic illustration of the proposed mechanisms underlying the actions of 
AM251 and AM630 in the monkey retina, as revealed by electroretinography under photopic 
(A) and scotopic (B) conditions. (See Discussion for details). 
 
Conclusion 
These findings might be helpful for the development of new pharmacological targets 
for the treatment of retinal intoxications [67, 68] and diseases [69]. These retinal pathologies 
are generally associated with a decrease in the amplitude of the electroretinographic waves. 
We show here that pharmacological agents that block the retinal cannabinoid receptors can 
induce an increase in the amplitude of the ERG response profiles. Manipulating the 
endocannabinoid system might therefore serve as a therapy to restore normal vision and 
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Abstract 
The endogenous cannabinoid system plays important roles in the retina of mice and 
monkeys via their classic CB1 and CB2 receptors (CB1R and CB2R). We have previously 
reported that the G protein-coupled receptor 55 (GPR55), a putative cannabinoid receptor, is 
exclusively expressed in rod photoreceptors in the monkey retina, suggesting its possible role 
in scotopic vision. To test this hypothesis, we recorded full-field electroretinograms (ERGs) 
after the intravitreal injection of the GPR55 agonist lysophosphatidylglucoside (LPG) or the 
selective GPR55 antagonist CID16020046 (CID), under light- and dark-adapted conditions. 
Thirteen vervet monkeys (Chlorocebus sabaeus) were used in this study: 4 controls (injected 
with the vehicle dimethyl sulfoxide, DMSO), 4 injected with LPG and 5 with CID. We 
analyzed amplitudes and latencies of the a-wave (photoreceptor responses) and the b-wave 
(rod and cone system responses) of the ERG. Our results showed that after injection of LPG, 
the amplitude of the scotopic b-wave was significantly higher, whereas after the injection of 
CID it was significantly decreased, compared to the vehicle (DMSO). On the other hand, the 
a-wave amplitude, and the a-wave and b-wave latencies, of the scotopic ERG responses were 
not affected by the injection of either compound. Furthermore, the photopic ERG waveforms 
were not affected by either drug. These results support the hypothesis that GPR55 plays an 
instrumental role in mediating scotopic vision. 
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Introduction 
The endocannabinoid system, including endocannabinoids (eCBs), cannabinoid 
receptors, and enzymes regulating the level of eCBs, is present in the central nervous system 
of all mammals. In most cases, eCBs act as retrograde messengers binding to the widely 
distributed CB1R to inhibit the neurotransmitter release at both excitatory and inhibitory 
synapses (Kreitzer & Regehr, 2001a; Kreitzer & Regehr, 2001b; Ohno-Shosaku et al. 2001; 
Wilson & Nicoll, 2001; Freund et al., 2003; Yazulla, 2008). In addition to the two main 
cannabinoid receptors (CB1R and CB2R), GPR55 has been suggested as a cannabinoid 
receptor since it is activated by anandamide, an endogenous cannabinoid, and 
tetrahydrocannabinol, an exogenous cannabinoid (Ryberg et al., 2007). In fact, GPR55 is a 
receptor that is also responsive to other cannabinoids (Oka et al., 2007; Ryberg et al., 2007). 
While GPR55 is implicated in several physiological and pathophysiological functions (Liu et 
al., 2014), its role in the retina is as yet unknown. Early case reports in the 1970s suggested the 
existence of cannabis-mediated visual effects in humans, although the specific mechanisms or 
activation pathways are still not defined. Cannabis consumption can lead to an increase in 
glare recovery for low contrast stimuli (Adams et al., 1978), a reduction in Vernier and 
Snellen acuities (Adams et al., 1975; Kiplinger et al., 1971), blurred vision (Noyes et al., 
1975), and changes in color discrimination and photosensitivity (Dawson et al., 1977). Given 
that most of these effects undoubtedly have a retinal component, recent investigations have 
focused on examining the endogenous cannabinoid system in the retina. 
Cannabinoid receptor expression patterns are well documented in rodent and primate 
retinas (Straiker et al., 1999a; Straiker et al., 1999b; Yazulla et al., 1999; Lopez et al., 2011; 
Zabouri et al., 2011; Cécyre et al., 2013), including vervet monkeys (Bouskila et al., 2012; 
Bouskila et al., 2013a; Bouskila et al., 2013b). The latter species was used as the animal model 
to study the distribution of cannabinoid receptors in the retina and revealed cell-type specific 
expression profiles of CB1R, CB2R, and GPR55. While CB1R is present in retinal neurons 
(Bouskila et al., 2012) and CB2R is strictly expressed in glial Müller cells (Bouskila et al., 
2013a), GPR55 is exclusively found in rod photoreceptors (Bouskila et al., 2013b). A variety 
of anatomical and functional visual effects of cannabinoids have also been reported for every 
retinal cell types in both rodents and fish (Yazulla, 2008; Cécyre et al., 2013). However, these 
studies did not investigate GPR55 because of its recent and controversial deorphanization as a 
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cannabinoid receptor (Henstridge et al., 2009). Despite neuroanatomical and physiological 
evidence showing that the eCB system can modulate the activity of retinal cells in mammals, 
very little is known about the specific contribution of GPR55 in retinal functioning. Only one 
study has reported that palmitoylethanolamide can increase aqueous humor outflow through 
the trabecular meshwork, which appears to be mediated by GPR55 (Kumar et al., 2012). This 
finding indirectly suggests that GPR55 plays a role in the eye. 
 
Full-field electroretinography is widely used as a measure of retinal function 
(McCulloch et al., 2015). Electroretinogram (ERG) recordings represent the sum of electrical 
current over the entire retina, light-evoked responses in photoreceptors (cones and rods), 
neurons (horizontal cells, bipolar cells, amacrine cells, and ganglion cells), glial cells (Müller 
cells), and epithelial cells (Steinberg et al., 1985). Amplitude, latency, and overall shape of the 
ERG waves depend on the intensity of the flash and its duration, as well as the adaptation state 
of the retina. While scotopic ERGs represent the contribution of the rod system in dark-
adapted conditions, photopic ERGs represent the contribution of the cone system in light-
adapted conditions. In the present study, we investigated the effect of the intravitreal injection 
of lysophosphatidylglucoside (LPG), an agonist of GPR55 (Guy et al., 2015), or 
CID16020046 (CID), a selective GPR55 antagonist (Kargl et al., 2013), on the dark-adapted 
and light-adapted full-field ERGs in vervet monkeys. Given that GPR55 is exclusively 
expressed in rods (Bouskila et al., 2013b), we hypothesized that the modulatory effect of 
GPR55 would manifest itself only in the ERG curves obtained in scotopic conditions. 
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Material and methods 
Animals. A total of thirteen adult vervet monkeys (Chlorocebus sabaeus) were used for this 
study: four monkeys received an intravitreal injection of DMSO (dimethyl sulfoxide, the 
vehicle), four monkeys were monocularly injected with LPG (a selective agonist of GPR55), 
and five monkeys with CID16020046 (a potent and selective antagonist of GPR55) (Table 1). 
The animals were born and raised in enriched environments in the laboratories of the 
Behavioural Science Foundation (St-Kitts, West Indies). The animals were fed with primate 
chow (Harlan Teklad High Protein Monkey Diet; Harlan Teklad, Madison, WI) and fresh local 
fruits, with water available ad libitum. All experiments were performed according to the 
guidelines of the Canadian Council on Animal Care (CCAC) and the Association for Research 
in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 
Vision Research. The experimental protocol was also reviewed and approved by the local 
Animal Care and Use Committee (University of Montreal, protocol # 14-007) and the 
Institutional Review Board of the Behavioural Science Foundation. None of the animals were 
sacrificed for this study. 
 
Table 1. Profile of the animals used in this study. 
Monkey ID Sex Weight (Kg) Monocular Injection Concentration 
1 Female 2.925 DMSO 100% 
2 Female 2.875 DMSO 100% 
3 Female 2.850 DMSO 100% 
4 Male 3.555 DMSO 100% 
5 Female 2.525 LPG 1 mg in 100% DMSO 
6 Female 2.800 LPG 1 mg in 100% DMSO 
7 Male 3.225 LPG 1 mg in 100% DMSO 
8 Male 2.950 LPG 1 mg in 100% DMSO 
9 Male 3.950 CID 1 mg in 100% DMSO 
10 Female 2.825 CID 1 mg in 100% DMSO 
11 Female 2.900 CID 1 mg in 100% DMSO 
12 Female 3.050 CID 1 mg in 100% DMSO 
13 Female 2.925 CID 1 mg in 100% DMSO 
 
Animal preparation for ERG recording. The method for ERG recordings in the vervet 
monkey has been previously described (Bouskila et al., 2014) and is briefly reported here. The 
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animals were sedated with an intramuscular injection of a mixture of ketamine (10 mg/kg; 
Troy Laboratories, Glendenning, New South Wales, Australia) and xylazine (1 mg/kg; Lloyd 
Laboratories, Shenandoah, IA). This mixture has a minimal effect on the ERG (Nair et al. 
2011). The depth of sedation was maintained at a sufficient level to prevent the animals from 
moving, but without causing respiratory depression. In this condition, the pupils were fully 
dilated to approximately 9 mm in diameter and the accommodation reflex was paralyzed with 
topical application of 1% tropicamide (Mydriacyl®) and 2.5% phenylephrine hydrochloride 
(Mydfrin®) (Alcon Laboratories, Fort Worth, TX). Intraocular pressure was monitored before 
and after the recording session by applanation tonometry (TonoPen XL®, Reichert 
Technologies, Depew, NY). The eyes were treated with 0.5% proparacaine hydrochloride 
(Alcaine®; Alcon Laboratories, Fort Worth, TX) to anesthetize the cornea. The eyes were then 
protected by application of 2.5% methylcellulose (Gonak; Akorn, Inc., Buffalo Grove, IL) to 
prevent corneal drying. Body temperature was maintained between 36.5°C and 38°C with a 
heating pad. Recording sessions lasted approximately two hours for each animal, after which 
they were allowed to recover in their cage, and then returned to their prior naturalistic setting. 
 
Drug administration. Intravitreal injections were performed in one eye only when the 
animals were in a sedated state. After inspection and examination of the eyes and lids, a 
topical anesthetic was applied over the injection site. The conjunctival and corneal surfaces 
were then moistened with methylcellulose (Moisture Eyes, Bausch Lomb, Rochester, NY) for 
3 minutes. The eye was covered with sterile coatings and a Barraquer eye speculum 
(1.75 inches, 10 mm wide small blades; Storz Ophthalmics, St Louis, MO) held the eyes open. 
The LPG was synthetized using the method described by Guy et al. (2015), where its 
specificity and selectivity were successfully tested on the spinal cord of mice and chicken. The 
antagonist CID was purchased from Tocris Bioscience (Cat. No. 4959, Ellisville, MO). With a 
30G needle, 50 µL of drug solution (LPG or CID) were injected into the vitreous cavity, 2 mm 
posterior to the corneal limbus. A similar volume (50 µL) of the vehicle DMSO was injected 
into the vitreous of one eye in 4 control animals in order to rule out the possibilities that the 
injection per se and/or change in intraocular pressure caused the effects attributed to the drugs. 
When the needle was removed, the injection site was compressed for a minute using a sterile 
cotton swab to avoid reflux. Before and after ERGs recordings, the fundi of both eyes were 
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inspected with a PanOptic ophthalmoscope (Welch Allyn, New York, NY). The following 
weeks, topical antibiotic ointment was administered to the eye that had been injected, twice 
daily for four days. 
 
Visual Stimulation. Full-field stimulation was produced with an UTAS BigShot Ganzfeld 
light source (UTAS E-3000 electrophysiology equipment; LKC Technologies, Inc., 
Gaithersburg, MD) that was placed in front of the animal’s face. The intensity of the flashes 
ranged from 0.00025 cd.s.m-2 to 790 cd.s.m-2 delivered in full-field conditions, with a duration 
of <5 ms. Xenon flash luminance of 2.5 to 790 cd.s.m-2 (0 dB to 25 dB in LKC units) was 
used for photopic conditions and LED flash luminance of 2.5x10-4 to 6 cd.s.m-2 (-40 dB to 4 
dB in LKC units) for scotopic conditions. Between stimuli, delay intervals of at least 15 
seconds were implemented at high flash intensities when the eyes were dark-adapted. In light-
adapted conditions, a steady background-adapting field (30 cd.m-2) was maintained inside the 
Ganzfeld to continually saturate the rod system. Flash intensities and background luminance 
were calibrated using a research radiometer (IL1700 Photometer, International Light Inc., 
Newburyport, MA) with a SED033 detector placed at 36 cm from the source (at the same 
location as the cyclopean eye). 
 
ERG recording. All experimental protocols followed the guidelines of the ISCEV (Marmor et 
al. 2009; Bouskila et al., 2014; McCulloch et al., 2015). ERG recordings and signal processing 
ERGs were carried out in the morning. The recorded eye was covered with a corneal contact 
lens electrode (Jet electrodes, Diagnosys LLC, Lowell, MA) moistened with 1% 
carboxymethylcellulose sodium (Refresh Celluvisc, Allergan Inc., Markham, ON). The 
electrode was equipped with four small posts that kept the eyelid open. Reference and ground 
gold disc electrodes (model F-E5GH; Grass Technologies, Astro-Med, Inc., West Warwick, 
RI) were kept in place with adhesive paste (Ten20 conductive EEG paste, Kappa Medical, 
Prescott, AZ) at the external canthi and forehead, respectively. Responses were amplified 
10,000 times and filtered with a band pass from 1 to 500 Hz except for the oscillatory 
potentials, which were extracted with the LKC software with a band pass from 75 to 500 Hz. 
Each trace included a 20 ms pre-stimulus baseline. 
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Figure 1. Schematic illustration depicting a typical ERG recording session following 
monocular intravitreal injections in vervet monkeys (modified from Bouskila et al., 2014). 
DMSO, dimethyl sulfoxide; LPG, lysophosphatidylglucoside; CID, CID16020046; LA, light 
adaptation; Phot, photopic. 
 
Statistical analysis. For the waveform analysis, the amplitude of the a-wave was measured 
from the baseline to the trough of the a-wave. The amplitude of the b-wave was measured 
from the trough of the a-wave to the peak of the b-wave. The latency was defined from the 
onset of the flash to the trough (a-wave) or peak (b-wave). If these values fell within the 
acceptable time window (a-wave: 10-50 ms from flash, b-wave: 50-150 ms from flash), and 
they were within 3 standard deviations above or below the mean, they were then saved. A 
repeated measure analysis of variance (ANOVA) was used to determine if the values extracted 
from the ERG curves in the DMSO-injected group were different from the LPG-injected 
group or the CID-injected group. Each mixed model ANOVA included one repeated measures 
factor (intensity of the flash) and one between group factors (drug: DMSO, LPG, or CID). 
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Results 
No changes in the fundus of the eyes were observed after the intravitreal injection in 
any of the animals. There were also no differences in the intraocular pressure (before: 
11±3 mm Hg; after: 11±4 mm Hg) and the pupil size (before: 8.8±0.3 mm; after: 8.8±0.3 mm). 
 
LPG increases the scotopic b-wave amplitude 
The effect of LPG on the scotopic ERG was comparable across monkeys. Figure 2A 
illustrates the average ERG waveform in dark-adapted conditions following the intravitreal 
injection of DMSO, LPG, or CID at 13 stimulus intensities. Each curve was generated from a 
simple mean across monkeys. As can be seen in the traces, the intravitreal injection of LPG 
increases the amplitude of the scotopic ERG. This effect was not significant for the a-wave 
amplitude (P=0.972, Figure 2B), but was significant for the b-wave amplitude (P=0.050, 
Figure 2C). On average, LPG caused the scotopic b-wave amplitude to increase by 36% 
relative to the control (DMSO). 
 
In addition, the effect was significant at several specific flash intensities (-2.6 log 
cd.s.m-2, P=0.010; -2.2 log cd.s.m-2, P=0.007; -2.0 log cd.s.m-2, P=0.012; -1.0 log cd.s.m-2, 
P=0.015; -0.6 log cd.s.m-2, P=0.028) and marginally significant at other flash intensities (0 log 
cd.s.m-2, P=0.077; 1.4 log cd.s.m-2, P=0.074). At the rod standard flash (-2.2 log cd.s.m-2), a 
flash intensity that corresponds to rod-driven responses, the increase caused by the injection of 
LPG was 52 ± 18 µV (52% relative to DMSO). At the combined rod-cone standard flash 
(0.6 log cd.s.m-2), a flash intensity that corresponds to mixed-rod-cone responses, LPG lead to 
an increase of 56 ± 40 µV (22% relative to DMSO). The latencies for LPG were comparable 
to DMSO (no significant difference for a-wave latency [P=0.915, Figure 2D] or the b-wave 
latency [P=0.413, Figure 2E]). 
 
CID decreases the scotopic b-wave amplitude 
The effect of CID on the scotopic ERG was comparable across monkeys. Figure 2A 
illustrates the average ERG waveform in scotopic conditions. The most apparent feature of 
these curves is that the intravitreal injection of CID decreased the amplitude of the scotopic 
ERG. This effect was not significant for the a-wave amplitude (P=0.197, Figure 2B), but was 
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significant for the b-wave amplitude (P=0.004, Figure 2C). CID had no significant effect on 
the latency for the a-wave (P=0.113, Figure 2D) or the b-wave (P=0.089, Figure 2E). The 
average decrease of the scotopic b-wave amplitude was 66%. 
 
In addition, the effect of CID on the amplitude of the b-wave was significant at every 
individual flash intensity (-3.6 log cd.s.m-2, P=0.003; -3.4 log cd.s.m-2, P=0.003; -3.2 log 
cd.s.m-2, P=0.002; -2.8 log cd.s.m-2, P=0.018; -2.6 log cd.s.m-2, P=0.003; -2.2 log cd.s.m-2, 
P=0.001; -2.0 log cd.s.m-2, P=0.006; -1.0 log cd.s.m-2, P=0.027; -0.6 log cd.s.m-2, P=0.024; 
0 log cd.s.m-2, P=0.016; 0.4 log cd.s.m-2, P=0.007; 0.6 log cd.s.m-2, P=0.002; 1.4 log cd.s.m-2, 
P=0.004). At the rod standard flash (-2.2 log cd.s.m-2), CID decreased the b-wave amplitude 
by 66 ± 15 µV (67%) relative to DMSO. At the combined rod-cone standard flash (0.6 log 
cd.s.m-2), CID decreased the b-wave amplitude by 153 ± 37 µV (59%) relative to DMSO. 
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Figure 2. Increase of the scotopic b-wave amplitude after intravitreal injection of LPG and 
decrease after CID16020046. (A) Mean scotopic ERG responses after intravitreal injection of 
DMSO (black), LPG (blue), or CID (red) are shown for thirteen flash intensities. On the one 
hand, the intravitreal injection of LPG, a GPR55 agonist, significantly increased the b-wave 
amplitudes. On the other hand, an overall significant decreased in the b-wave amplitude is 
observed after CID injection. (B-E) Averaged ERG amplitude and latency values are plotted 
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as a function of flash intensities following injection. Error bars represent ± the standard error 
of the mean (SEM). The * indicates a significant overall difference (P < 0.05) of CID and 
DMSO, or LPG and DMSO. 
The oscillatory potentials are not affected by either compound 
A one-way ANOVA was performed on the summed amplitude of the oscillatory 
potentials at the standard flash (optimal intensity of 0.6 log cd.s.m-2; Bee, 2001; Bouskila et 
al., 2014). The results show that there was no significant difference between the vehicle and 
the agonist for the amplitude (DMSO, x̄=61.9 ± 14.4 µV; LPG, x̄=68.9 ± 11.3 µV; P=0.674) 
or latency (DMSO, x̄=21.0 ± 0.6 ms; LPG, x̄=20.5 ± 0.4 ms; P=0.724). A non-significant 
effect was also found between the vehicle and the antagonist for the amplitude (CID, 
x̄=36.0 ± 7.9 µV; P=0.122) and the latency (CID, x̄=18.8 ± 1.2 ms; P=0.123). 
 
LPG has no significant effect on the photopic ERGs 
The effects of LPG on the photopic ERG were comparable across monkeys. Figure 3A 
illustrates the average ERG waveform across monkeys in light-adapted conditions following 
intravitreal injection of DMSO, LPG or CID for 12 stimulus intensities. There were no 
significant effects of LPG for a-wave amplitude (P=0.817, Figure 3B), b-wave amplitude 
(P=0.756, Figure 3C), a-wave latency (P=0.942, Figure 3D), or b-wave latency (P=0.727, 
Figure 3E). 
 
CID has no significant effect on the photopic ERGs 
The effects of CID and DMSO on the photopic ERG were comparable across 
monkeys, see averages plotted in Figure 3A. There was no statistically significant difference 
between CID and DMSO: a-wave amplitude (P=0.321, Figure 3B), b-wave amplitude 
(P=0.067, Figure 3C). CID also had no significant effect on the a-wave latency (P=0.381, 
Figure 3D) or the b-wave latency (P=0.093, Figure 3E). 
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Figure 3. No significant changes in the photopic ERG responses after intravitreal injection of 
LPG or CID16020046. (A) Mean photopic ERG responses after intravitreal injection of 
DMSO (black), LPG (blue), or CID (red) across twelve flash intensities are shown. (B-E) 
Averaged ERG amplitude and latency values plotted as a function of flash intensities 
following injection of DMSO (black), LPG (blue), or CID (red). Error bars represent ± SEM. 
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Discussion 
This study investigated the functional consequences of monocular intravitreal 
injections of potent and selective GPR55 agonist (LPG) or antagonist (CID16020046) in 
monkeys. Using electroretinographic recordings, we showed that under scotopic conditions, 
the administration of LPG significantly increased the amplitude of b-wave responses while 
CID caused them to decrease. The scotopic latencies were not affected by either compound, 
and neither were the amplitudes or latencies recorded under photopic conditions. This is the 
first evidence that GPR55 is only involved in scotopic vision since its activation by LPG, and 
its blockade by CID, modulated the dim-light retinal responses driven by the rod pathway. The 
strength of this result is visible in Figure 4, which depicts the relationship between the 
amplitudes of the b- and a-wave (Perlman, 1983). This figure illustrates scotopic retinal 
function, and its modulation by either blocking GPR55 (impaired retinal function, e.g. 
nyctalopia) or by activating it (increased retinal function, e.g. hyper-scotopia). The functional 
effects reported here are in line with the anatomical localization of GPR55 in rod 
photoreceptors and confirms its purported role in scotopic vision. 
 
Figure 4. The relationship between the amplitudes of the b- and a-waves obtained in scotopic 
conditions, as described by Perlman (1983). The continuous line describes the mean 
relationship while the 2 dashed lines define the normal range (mean ± 2 standard deviations). 
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White circles represent the amplitudes obtained after the DMSO injection, blue circles after 
LPG, and red circles after CID. Note that LPG data points are above the normal range 
(increased retinal function), while those for CID fall below (impaired retinal function). 
GPR55 belongs to the Class A rhodopsin-like family of G protein-coupled receptors. 
Expression of GPR55 in the retina is limited to rod inner segments (Bouskila et al., 2013b), 
which is implicated in the generation of the scotopic ERG b-wave (Tian & Slaughter, 1995; 
Robson & Frishman, 1995), although this is somewhat debated (Miller & Dowling, 1970; Wen 
& Oakley, 1990). Given the expression pattern of GPR55 (Figure 5A), we hypothesized that 
antagonizing this receptor in the retina would lead to a decrease in the scotopic ERG b-wave. 
This is indeed what we found, which can be explained by GPR55’s influence on the glutamate 
pathway (Bouskila et al., 2013b; Sylantyev et al., 2013). We speculate that GPR55, located in 
the rods inner segment and spherules (Bouskila et al., 2013b), acts as the GTPase-Accelerating 
Protein for Gα13, and because rods are directly connected to the ON-rod bipolar cells, GPR55 
may also participate in the mGluR6-signaling pathway. In normal conditions of dark 
adaptation, a large quantity of glutamate is released from rod photoreceptor terminals and 
binds to the metabotropic glutamate receptor mGluR6 located at the tip of ON-bipolar cell 
dendrites (Sampath & Rieke, 2004). The activation of GPR55 in rods by LPG coupled to Gα13, 
stimulates RhoA, ROCK, PLC and opens Na+/Ca++ channels resulting in membrane 
depolarization (Bouskila et al., 2013b) and hence an increased scotopic b-wave (Figure 5B). 
Following the blockade of GPR55 with CID, the hyperpolarization of rods diminishes the 
release of glutamate (Figure 5C). The putative activation of Gα13, RhoA, ROCK and PLC is 
consequently lowered resulting in the closing of Na+/Ca++ channels, and hence a decreased 
scotopic ERG b-wave. Essentially, blocking GPR55 in the dark-adapted rod is like exposing it 
to photopic conditions (Bouskila et al. 2013b). It was previously reported that failure to 
activate mGluR6 on rod ON-bipolar cells abolishes light responses (Sampath & Rieke, 2004). 
Indeed, the speculation that GPR55 regulates GTP hydrolysis of Gα13 is also supported by the 
notion that phototransduction involves Gα13, leading to the release of glutamate (Figure 5). A 
detailed characterization of other molecules that act as agonists on GPR55 will be informative 
for treatments of ocular diseases, since activating this protein might be able to increase 
photosensitivity. 
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Figure 5. Overview of the putative cannabinoid receptor GPR55 signaling cascade. (A) 
Immunostaining of the vervet monkey retina with a rabbit anti-GPR55 antibody (1:200, 
magenta) showing that GPR55 is preferentially expressed in the inner segments of rod 
photoreceptors (upper arrow) and spherules (lower arrow). This observation is identical to the 
one previously reported (Bouskila et al., 2013b). (B) Under scotopic conditions, the activation 
of GPR55 by LPG on rods coupled to Gα13, RhoA, ROCK, and PLC opens Na+/Ca++ channels 
resulting in the membrane depolarization (Bouskila et al., 2013b) and hence an increased 
scotopic b-wave. (C) Following the blockade of GPR55 with CID, the activation of Gα13, 
RhoA, ROCK, and PLC is consequently lowered resulting in the closing of Na+/Ca++ 
channels, and hence a decreased scotopic ERG b-wave in the CID-treated eyes. The scotopic 
waveforms are taken from Figure 2A at the rod standard flash, (-2.2 log cd.s.m-2). LPG, 
lysophosphatidylglucoside; R, rods; RBC, rod bipolar cells. Scale bar in (A): 30 µm and in (B) 
and (C): amplitude (vertical axis), 100 µV; latency (horizontal axis), 20 ms. 
 
Drug delivery directly into the eye in humans is a common treatment for retinal 
disorders. For example, intravitreal injections are often performed in the treatment of age-
related macular degeneration and diabetic retinopathy (see Duvvuri et al., 2003 for review). 
The effectiveness of treatments for retinal diseases has significantly improved since the 
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introduction of medications administered directly into the vitreous because of their immediate 
effects. This procedure is now used on a daily basis in clinics to treat these aforementioned 
diseases. Night blindness (e.g. nyctalopia), a condition where it is nearly impossible to see in 
low light, is a symptom of many eye diseases like retinitis pigmentosa, Oguchi disease, and 
congenital stationary night blindness, which specifically targets the rods (Marc et al., 2003). 
Given the present findings, GPR55’s implication in scotopic vision might therefore be 
exploited as a pharmacological target in the treatment of retinal diseases that include 
symptoms of night blindness. 
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IV. DISCUSSION GÉNÉRALE 
Le but principal de cette thèse était de caractériser l’expression, la localisation et le rôle 
du système endocannabinoïde (eCB) dans la rétine du singe. Comme il a été évoqué tout au 
long de cet ouvrage, le système eCB est présent dans la rétine et module la transmission 
synaptique via le mécanisme de signalisation rétrograde et la régulation de canaux ioniques. Il 
est évident que ces effets peuvent affecter l’information visuelle déjà au premier niveau de 
traitement, la rétine. Plusieurs autres études sont par contre nécessaires pour évaluer l’impact 
que le système eCB rétinien a dans la perception visuelle. D’autant plus, ce système est aussi 
présent dans des structures visuelles plus centrales, comme le premier relais thalamique, le 
corps genouillé latéral dorsal (dLGN), et le cortex visuel (au niveau de l’aire visuelle primaire, 
V1) et les aires visuelles associatives. Ce système eCB module ainsi le signal visuel tout au 
long de la voie rétinofuge. 
La recherche sur le système eCB a pris de plus en plus d’ampleur avec le temps. En 
effet, après s’être concentrés sur les mécanismes d’action du cannabis et du THC, les 
chercheurs ont focalisé leurs recherches sur le rôle du système cannabinoïde endogène et son 
utilité comme cible thérapeutique. Il est clair que le système eCB est un système ubiquitaire 
qui module de nombreuses fonctions physiologiques. Il est présent dans plusieurs types de 
cellules dans le règne animal. Ainsi, le projet réalisé dans cette thèse visait à élaborer sur la 
relation entre le système eCB et la rétine. Nous rapportons pour la première fois que : 
1. CB1R et FAAH sont présents dans la rétine centrale et périphérique du singe vervet, 
mais CB1R est abondamment exprimé dans les cônes de la fovéa. Ces deux 
composantes sont aussi présentes au niveau des cellules horizontales, cellules 
bipolaires, cellules amacrines et cellules ganglionnaires (Bouskila et coll., 2012). 
2. CB2R est exclusivement présent dans les cellules de Müller, avec une abondante 
expression du côté de la membrane limitante externe et une très faible expression du 
côté de la membrane limitante interne. CB1R se retrouve donc dans la neuro-rétine et 
CB2R dans la glie rétinienne (Bouskila et coll., 2013a). 
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3. GPR55 est exclusivement exprimé dans les bâtonnets. Plus précisément, ce récepteur 
se trouve fortement dans les segments internes et faiblement dans les sphérules de 
bâtonnets. L’activation de GPR55 par son agoniste pourrait donc représenter un 
processus de modulation des bâtonnets et, probablement, jouer un rôle dans la vision 
scotopique (Bouskila et coll., 2013b). 
4. Le système eCB est exprimé dans la rétine de souris, toupayes et primates, mais avec 
quelques distinctions notoires. Tandis que l’expression de CB1R, FAAH, MGL et 
DAGL est similaire à travers ces espèces, CB2R et NAPE-PLD sont exprimés 
différemment (Bouskila et coll., 2016a). 
5. L’ERG du singe vervet est comparable au singe macaque et même à celui de 
l’humain. Les résultats de cette étude valident le singe vervet comme un excellent 
modèle de primate non humain pour tester la fonction rétinienne après plusieurs 
manipulations telles que la privation visuelle ou l’administration de molécules 
(Bouskila et coll., 2014). 
6. CB1R et CB2R sont importants pour l’établissement des ondes de l’ERG. En 
condition photopique, l’AM251, un antagoniste/agoniste inverse de CB1R, augmente 
l’amplitude de l’onde a pour des fortes intensités lumineuses, tandis que l’AM630, un 
antagoniste/agoniste inverse de CB2R, augmente l’amplitude des ondes a et b. En 
condition scotopique, les deux antagonistes ont augmenté l’amplitude de l’onde b, 
mais n’ont pas changé l’amplitude de l’onde a. Ces résultats suggèrent un rôle 
important de CB1R et CB2R dans la fonction rétinienne du primate (Bouskila et coll., 
2016b). 
7. GPR55 module la vision scotopique. En condition scotopique seulement, l’agoniste 
de GPR55 (LPG) a augmenté l’amplitude de l’onde b et l’antagoniste de GPR55 
(CID) l’a diminué (Bouskila et coll., 2016c). 
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1. Les différences interespèces sur l’expression et le rôle des 
récepteurs cannabinoïdes dans la rétine 
Nous avons donc démontré qu’il y a une ségrégation anatomique des 3 différents 
récepteurs, CB1R, CB2R et GPR55 dans la rétine du singe vervet. Plusieurs évidences nous 
portent à croire que ces récepteurs ne sont pas exprimés dans la rétine de façon similaire à 
travers les espèces, p. ex. la séquence protéique de CB2R de la souris est différente de celle du 
primate. La Figure 15 montre la cartographie des récepteurs CB1R, CB2R et GPR55 dans la 
rétine de la souris, du toupaye et du singe vervet. Il existe donc certaines différences majeures 
au fur et à mesure qu’on se rapproche de l’homme dans l’arbre phylogénétique. CB1R et 
CB2R sont uniques aux Chordés (embranchement d’animaux qui possède une notocorde, une 
lamelle cartilagineuse d’origine mésodermique située sur le côté dorsal de l’animal). Les 
enzymes de synthèse et de dégradation sont présents dans plusieurs espèces du règne animal 
(Elphick, 2012). Il est possible que des protéines agissant comme récepteurs soient apparues 
bien plus tard que les eCBs. Même si les patrons d’expression de certaines composantes eCBs 
comme CB1R et FAAH sont similaires dans différentes espèces, ce n’est pas le cas pour 
CB2R et NAPE-PLD (Bouskila et coll., 2016a). Comme l’expression de CB2R dans la rétine 
de la souris (Cécyre et coll., 2013) est différente du singe (Bouskila et coll., 2013a), nous 
avons étudié plusieurs composantes du système eCB connues à ce jour dans la rétine de souris, 
singes et toupayes (une espèce qui se situe entre les souris et les primates dans l’arbre 
phylogénétique). De plus, l’expression de ce système a été comparée dans la rétine de deux 
types de singes, les vervets et les macaques. 
Chez toutes ces espèces, CB1R et FAAH ont un patron d’expression qui se chevauche 
ce qui suggère que la dégradation d’eCBs peut se produire dans la même cellule CB1R 
positive. Dans la rétine dominée par les bâtonnets de la souris, CB2R est exprimé dans la 
neuro-rétine, dans les photorécepteurs, cellules horizontales, cellules bipolaires, cellules 
amacrines et cellules ganglionnaires, mais non dans les cellules de Müller (Cécyre et coll., 
2013). Dans la rétine dominée par les cônes du toupaye, CB2R est exprimé dans la neuro-
rétine et aussi dans les cellules de Müller. Dans la rétine duplex des singes vervet et macaque, 
CB2R est exclusivement retrouvé dans les cellules de Müller. Une explication possible de 
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cette transition de CB2R (expression neuronale diffuse vs expression spécifique dans la glie 
rétinienne) est que ce récepteur a pris une place stratégique pour exercer le rôle de modulateur 
du potassium au cours de l’évolution de la rétine. L’enzyme de synthèse NAPE-PLD comporte 
aussi une expression propre à chacune de ces espèces. Chez la souris, NAPE-PLD est exprimé 
dans la neuro-rétine. Chez le toupaye, NAPE-PLD est exprimé fortement dans la rétine 
externe et faiblement dans la rétine interne. Chez le singe, NAPE-PLD est uniquement 
exprimé au niveau des photorécepteurs, cônes et bâtonnets. Le groupe de molécules lipidiques 
bioactives, les N-acyl éthanolamines (NAE), sont synthétisé par la NAPE-PLD à partir des 
phospholipides de la membrane cellulaire. Cette différence d’expression rétinienne interespèce 
est remarquée malgré la séquence protéique conservée de NAPE-PLD, contrairement à CB2R. 
Cette variation peut être à l’importance des produits de synthèse de NAPE-PLD autre que les 
eCBs. Cette enzyme synthétise plusieurs molécules comme l’anandamide (un eCB), mais 
aussi le N-palmitoylethanolamine (un antiinflammatoire ; Lambert et coll., 2002) et le N-
oleoylethanolamine (un anorexigène; Rodríguez de Fonseca et coll., 2001). NAPE-PLD peut 
même avoir des effets proapoptotiques (Maccarrone et coll., 2002). De plus, les produits de 
cette enzyme, les NAE, sont présents dans les axones et régulent l’activité neuronale 
postsynaptique en agissant comme des molécules de signalisation synaptique antérograde 
(Egertová et coll., 2008). Enfin, l’expression de NAPE-PLD dans les photorécepteurs du singe 
suggère un rôle direct des NAEs dans la phototransduction des primates. Mais ceci reste à être 
vérifié expérimentalement. 
 Les patrons d’expression de DAGL et MAGL dans la rétine de souris, toupayes et 
singes sont similaires, mais comportent différentes intensités de signal. Comme les eCBs sont 
synthétisés et dégradés autour des leurs récepteurs, l’expression de DAGL et MAGL doit se 
trouver aux environs de CB2R. Dans la rétine de souris, ces deux enzymes en plus de CB1R et 
CB2R sont exprimées de manière qu’ils se chevauchent et peuvent donc exercer un rôle 
d’autorégulation dans chacune des cellules de la rétine. Dans la rétine de toupayes et de 
singes, l’expression des enzymes du système eCB se retrouve de manière complémentaire. Il 
se peut que le système eCB se soit spécialisé parallèlement à la complexification du système 
visuel pour adopter une position stratégique pour la modulation de l’activité visuelle. 
  264 
 
Figure 15. Cartographie des récepteurs CB1R, CB2R et GPR55 dans la rétine de la souris, du 
toupaye et du singe. 
Abréviations : OS, segment externe; IS, segment interne; ONL, couche nucléaire externe; 
OPL, couche plexiforme externe; INL, couche nucléaire interne; IPL, couche plexiforme 
interne; GCL, couche des cellules ganglionnaires. 
  265 
 Récemment, les conséquences de la suppression génétique de CB1R ou CB2R sur la 
fonction rétinienne de la souris ont été mesurées par électrorétinographie (Cécyre et coll., 
2013). En condition scotopique, les souris CB2R KO présentent une hausse de l’amplitude de 
l’onde a, confirmée par l’effet observé qu’un agoniste de CB2R altère la sensibilité du 
bâtonnet de la salamandre tigrée (Straiker et Sullivan, 2003). En condition photopique, 
l’amplitude de l’onde b des souris CB2R KO montre un schéma d’adaptation à la lumière 
différent de la souris de souche sauvage. Aucun effet significatif n’a été observé chez les 
animaux CB1R KO. Ces données ne correspondent pas du tout aux effets observés chez le 
singe (Bouskila et coll., 2016b), et ce, pour plusieurs raisons. Tout d’abord, l’anatomie des 
récepteurs cannabinoïdes dans la rétine est très différente chez ces différentes espèces. Chez la 
souris, les patrons d’expression de CB1R et CB2R sont similaires (Zabouri et coll., 2011a, 
Cécyre et coll., 2013). Chez le singe, CB1R est exprimé dans la neuro-rétine (tout comme 
chez la souris) (Bouskila et coll., 2012), mais CB2R est exclusivement présent dans la glie 
rétinienne, les cellules de Müller (Bouskila et coll., 2013a). Ensuite, nous comparons des 
effets aigus (injections intravitréennes chez le singe) avec les effets à long terme d’une 
délétion du récepteur (souris transgéniques). Il est possible que ces souris KO aient subi des 
mécanismes de compensation durant leur développement qui entraineraient des différentes 
réponses physiologiques comparées aux animaux où l’on bloquerait temporairement leurs 
récepteurs à l’aide d’antagonistes. 
2. Les voies de signalisation du système eCB dans la rétine du 
singe 
La présence de CB1R dans la neuro-rétine (surtout dans la voie verticale qui consiste 
de photorécepteurs, cellules bipolaires et cellules ganglionnaires), de CB2R dans la glie 
rétinienne (cellules de Müller) et de GPR55 dans les bâtonnets suggère que les ligands 
endogènes de ces récepteurs sont synthétisés et relâchés par des cellules à proximité, autour du 
site de production (Gomez-Ruiz et al, 2007). Ceci peut aussi ultimement influencer, 
directement (par CB1R et GPR55) ou indirectement (par CB2R) la libération de glutamate, le 
neurotransmetteur principal de la voie verticale de la rétine. Une fois que les ligands sont 
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produits, plusieurs canaux ioniques comme les canaux K+ et Ca++ sont modulés à la suite de 
l’activation des récepteurs. 
 
Figure 16. Illustration schématique du rôle hypothétique de CB1R, CB2R et GPR55 dans la 
rétine du singe. 
En condition photopique, lorsque les cônes sont stimulés par la lumière, il se produit 
une inhibition des courants ioniques, ce qu’on appelle « inhibition of the retinal dark 
currents ». La phototransduction qui en résulte diminue la quantité de glutamate relâchée dans 
la synapse et propage ainsi un signal vers les cellules bipolaires. Ces cellules bipolaires sont la 
source de production d’eCBs (notamment l’anandamide) qui va agir de façon rétrograde et 
activer CB1R dans les pédicules de cônes et ainsi contrôler la libération de glutamate. Cette 
production d’eCBs va aussi amener la synthèse du 2-AG qui va aller activer CB2R dans les 
cellules de Müller et ainsi contrôler la circulation de potassium à travers la rétine. L’activation 
de CB2R couplé à une protéine Gi/o mène à une réduction des niveaux d’AMP cyclique et de 
PKA (Howlett et coll., 2002 pour un article de revue ; Bolognini et coll., 2010). Vu que PKA 
augmente l’activité des canaux KIR4.1 dans les cellules de Müller (MacGregor et coll., 1998), 
CB2R joue le rôle de modulateur négatif du potassium. Parallèlement, en conditions normales 
d’adaptation à la noirceur, une large quantité de glutamate est relâchée des terminaisons 
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synaptiques des bâtonnets. Ce glutamate se lie ensuite aux récepteurs mGluR6 situés dans les 
dendrites des cellules bipolaires ON liées aux bâtonnets (Sampath & Rieke, 2004). 
L’activation de GPR55 par son agoniste endogène (le lysophosphatidylglucoside, LPG) va 
stimuler la cascade Gα13, RhoA, ROCK, PLC pour ouvrir les canaux Na+/Ca++, induire la 
dépolarisation membranaire, et modifier l’ERG scotopique (Bouskila et coll., 2013b; Bouskila 
et coll., 2016c). Ces mécanismes sont illustrés au niveau de la synapse photorécepteur-cellule 
bipolaire dans la Figure 16 ci-dessus, mais peuvent exister probablement dans plusieurs autres 
synapses de la rétine. Cependant, malgré de grands efforts à comprendre la fonction du 
système eCB rétinien, des études comportementales sont certes nécessaires pour établir son 
rôle précis dans la vision. 
V. CONCLUSION ET PERSPECTIVES D’AVENIR 
La rétine comporte donc un système eCB qui permet de moduler l’information visuelle 
à plusieurs niveaux. Le principe actif du cannabis responsable des effets psychotropes de cette 
plante, le Δ9-THC, agit au niveau de CB1R présent de façon ubiquitaire dans le corps. CB1R 
est retrouvé en haute concentration dans certaines régions précises du cerveau notamment, le 
cervelet, l’hippocampe, la substance noire et les ganglions de la base. La majorité des études 
portant sur la localisation du système eCB, incluant les récepteurs, les ligands endogènes de 
ces récepteurs et les enzymes de synthèse et dégradation de ces ligands, font usage de 
techniques in vitro, de modèles animaux, d’électrophysiologie, d’analyse comportementale et 
de données post-mortem. Comme il existe de grandes différences interespèces, il est très utile 
de faire des études sur l’humain afin de passer directement aux applications cliniques. De plus, 
comme certaines études indiquent que le système eCB est exprimé au niveau de plusieurs 
structures visuelles, il serait intéressant d’aller regarder quelles sont les régions activées du 
cortex occipital. Ceci nous permettra d’évaluer le rôle neurobiologique et l’impact clinique de 
ce système en vision. 
1. Rôle dans le développement 
Comme il a été démontré dans des systèmes autres que la rétine, les eCBs sont des 
modulateurs de la transmission synaptique et de la plasticité neuronale, principalement via le 
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mécanisme d’inhibition présynaptique. L’impact du système eCB dans le développement du 
SNC a bien été documenté durant cette dernière décennie. Ce système régule la prolifération, 
la migration, la spécification et la survie des cellules progénitrices neuronales (Galve-Roperh 
et coll., 2006), guide la différenciation neuronale et contrôle l’établissement de connexions 
synaptiques (Berghuis et coll., 2005; Harkany et coll., 2007). L’importance des eCBs durant le 
développement du système nerveux est confirmée par le fait que la consommation de cannabis 
durant la grossesse mène à des déficits cognitifs, moteurs et sociaux (Richardson et coll., 
1995; Fried et coll., 2003; Huizink et Mulder, 2006; Calvigioni et coll., 2014). Le niveau de 2-
AG augmentent progressivement durant le développement embryonnaire et atteint son pic 
juste après la naissance (Berrendero et coll., 1999; Fride, 2008). Cependant, les changements 
des niveaux des composantes du système eCB durant le développement ne sont pas limités aux 
structures cérébrales de haut niveau, mais peuvent aussi affecter le développement de la rétine. 
Le système eCB a été démontré comme un élément important au cours du développement du 
SNC (Fernández-Ruiz et coll., 2000), dans le guidage axonal (Argaw et coll., 2011; Duff et 
coll., 2013), dans le développement normal de l’embryon de rongeurs (Pagotto et coll., 2006), 
mais aussi dans le développement de la rétine de rongeurs (Zabouri et coll., 2011a; Zabouri et 
coll., 2011b). 
2. Rôle au niveau du comportement 
Il est difficile de développer des tests comportementaux rapides et efficaces chez le 
singe. Pourtant, les méthodes électrophysiologiques, comme l’ERG et les potentiels évoqués 
visuels (PEV), sont des avenues de recherches intéressantes puisque nous avons démontré 
dans la présente thèse que l’ERG peut être modulé par les récepteurs eCBs. Par contre, il serait 
fort intéressant d’utiliser des tests comportementaux où l’animal doit émettre une réponse 
relative à un stimulus visuel, ce qui est plus conforme à la réalité, vu que les études 
électrophysiologiques utilisent des préparations anesthésiées. Étant donné qu’il est difficile et 
surtout très long d’entrainer des singes à différentes taches visuelles, il est nécessaire de 
développer des tests visuels qui font appel à des comportements simples comme le regard 
préférentiel et le nystagmus optocinétique. Justement, ces tests se sont avérés excellents pour 
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mesurer les fonctions visuelles des enfants en bas âge ou des adultes qui ont perdu les 
fonctions langagières. 
2.1 Le regard préférentiel 
La fixation visuelle spontanée survient lorsque le singe est soumis à certains stimuli 
plus que d’autres (Zangenehpour et coll., 2014). Particulièrement, les singes préfèrent porter 
leur attention et fixer des patrons de stimuli plutôt que des régions de luminosité uniforme. Ce 
comportement spontané servant de base dans la mesure quantitative de la vue d’un stimulus 
porte le nom de forced-choice preferential looking. La tâche ne demande aucun entrainement 
préalable long pour l’animal si ce n’est qu’une familiarisation d’environ deux semaines avec 
la chaise de contention et la fixation d’une croix présentée au centre de l’écran sur lequel 
seront projetés les stimuli visuels. La détermination des courbes de sensibilité au contraste 
peut ensuite nous fournir une mesure de l’acuité visuelle en plus des seuils déterminés par la 
variation du contraste des différents stimuli. Les stimuli de comparaison et tests sont 
généralement alternés immédiatement après chaque essai. Si une fréquence spatiale est au-
dessus du seuil de détection à un contraste donné, le regard de l’animal devrait s’attarder sur le 
stimulus contenant la grille. Dans le cas contraire (stimulus en dessous du seuil), l’animal 
passera autant de temps sur les deux stimuli. De cette façon, il est possible d’établir le niveau 
de base des aptitudes visuelles. 
2.2 Le nystagmus optocinétique 
Le nystagmus est un mouvement involontaire des deux globes oculaires. Le nystagmus 
optocinétique survient lorsque les yeux du sujet se concentrent sur des images qui défilent 
devant lui. Il est constitué d’une série de saccades de l’œil, qui suit la cible en mouvement, et 
d’un coup rapide rapporte la fixation vers la cible. Enfants et adultes ont ce réflexe à la suite 
de la présentation d’une cible en mouvement. Ces mouvements des yeux réflexes sont 
contrôlés par des mécanismes sous-corticaux (voie rétinotectale), mais aussi corticaux (Leigh 
et Zee, The neurology of eye movements, 1999). 
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3. Imagerie des récepteurs cannabinoïdes 
Jusqu’aujourd’hui, les techniques d’imagerie in vivo, particulièrement la 
tomoscintigraphie par émission de positons (TEP) et la tomographie d’émission 
monophotonique (TEMP), des récepteurs cannabinoïdes n’ont pas eu beaucoup de succès dû 
au manque de radioligands hautement sélectifs. Puisque les ligands doivent être hautement 
lipophiliques comme les eCBs, ils ne sont pas utilisables pour ces techniques d’imagerie 
donnant beaucoup de liaisons non spécifiques et une basse pénétration cérébrale. Ce n’est que 
récemment que des ligands hautement spécifiques aux récepteurs cannabinoïdes ont été 
développé (Burns et coll., 2007). Durant cette dernière décennie, plusieurs études ont 
démontré que le système eCB est en position parfaite de moduler la vision. En effet, les 
récepteurs cannabinoïdes se retrouvent dans les structures visuelles (rétine, nerf optique, 
cortex visuel) de plusieurs espèces. L’activation des récepteurs cannabinoïdes mène à un 
changement de la fonction visuelle. Ainsi, les techniques d’imagerie avec la liaison des 
radioligands aux récepteurs cannabinoïdes vont nous permettre d’attribuer un rôle fonctionnel 
du système eCB en vision. 
4. Usage du cannabis pour le traitement des maladies de la rétine 
Depuis plusieurs millénaires, le cannabis a été cultivé par l’homme à des fins 
récréatives et thérapeutiques, mais la recherche scientifique sur cette plante est en pleine 
émergence. En plus des revendications de ses bienfaits thérapeutiques, la recherche sur les 
mécanismes par lequel le cannabis produit ces actions gagne de l’intérêt. Malgré les effets 
bénéfiques de cette plante, l’utilisation du cannabis médical n’est pas répandue à travers le 
Monde. De nombreux efforts sont encore nécessaires pour que les scientifiques comblent cette 
lacune. De plus, le fait que le cannabis est une substance illicite pousse les gens à ne pas 
prendre au sérieux la possibilité d’utiliser le cannabis comme traitement thérapeutique. Les 
travaux réalisés dans le cadre de cette thèse ont permis d’établir un rôle du système eCB dans 
la rétine du singe. Si l’on considère que les récepteurs cannabinoïdes sont exprimés de façon 
similaire chez le singe et l’Homme, la modulation de ce système au niveau rétinien constitue 
une cible thérapeutique intéressante. Par exemple, plusieurs maladies dégénératives de l’œil 
ont tendance à diminuer les ondes de l’électrorétinogramme. Comme démontré dans les 
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Articles 6 et 7, il est possible d’injecter de façon intravitréenne des molécules agissant sur ce 
système et, ainsi, augmenter et rétablir la fonction rétinienne. Ces résultats sont donc très 
prometteurs et sont susceptibles d’engendrer de nouvelles méthodes de traitement afin de 
rétablir la fonction de la rétine et, peut-être même, la vision chez des patients qui souffrent de 
certaines pathologies rétiniennes. 
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Abstract 
The visual system in humans is considered the gateway to the world and plays a 
principal role in the plethora of sensory, perceptual and cognitive processes. It is therefore not 
surprising that quality of vision is tied to quality of life. Despite widespread clinical and basic 
research surrounding the causes of visual disorders, many forms of visual impairments, such 
as retinitis pigmentosa and macular degeneration, lack effective treatments. Non-human 
primates have the closest general features of eye development to that of humans. Not only do 
they have a similar vascular anatomy, but amongst other mammals, primates have the unique 
characteristic of having a region in the temporal retina specialized for high visual acuity, the 
fovea1. Here we describe a general technique for dissecting the primate retina to provide tissue 
for retinal histology, immunohistochemistry, laser capture microdissection, as well as light and 
electron microscopy. With the extended use of the non-human primate as a translational 
model, our hope is that improved understanding of the retina will provide insights into 
effective approaches towards attenuating or reversing the negative impact of visual disorders 
on the quality of life of affected individuals. 
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Protocol 
Part 1: Pre-processing of tissue 
Tissue should be well perfused with paraformaldehyde, glutaraldehyde, or formalin. 
This can be achieved through standard transcardial perfusion typically used to harvest other 
organs. It is recommended that shortly after sacrifice the eyes be injected with fixative just 
under the lens and stored in fixative. 
In the present study the subject was deeply sedated with ketamine hydrochloride (10 
mg/kg, i.m.), euthanized with an overdose of sodium pentobarbital (25 mg/kg, i.v.) and 
perfused transcardially with 0.1 M PBS until completely exsanguinated. This is followed by a 
4% paraformaldehyde solution in PBS for 5 min (~1 liter). 
Part 2: Removal of the eyeball from the orbital cavity 
For easier access to the eyeball it is recommended to first remove the brain. Once the 
brain has been removed the thin-walled orbit bone is readily apparent. Use the bone rongeurs 
to slowly chip away the wall of the orbit. Cut away the ocular muscles with a scalpel and 
remove the connective tissue from the eyeball. Carefully cut the optic nerve, this can be used 
in electronic microscopy studies. The eyeball should now be released from the orbital cavity. 
Part 3: Dissect the retina from the eyecup 
Place the eye into a Petri dish with PBS to keep the retina from drying. A dissecting 
microscope or table mounted magnifying light stand is useful in the dissection, but not a 
necessity. Remove the cornea by cutting the sclera closely to the perimeter of the cornea at the 
level of the ora serrata with a pair of spring scissors and remove the lens with the forceps. 
Use a paintbrush, forceps, and spring scissors to remove the retina from the sclera. This 
is done by separating the retina from the sclera and then cutting the sclera away with the 
scissors. One must carry out this process in small increments so as not to damage or tear the 
retinal tissue. The sclera is not readily separated from the remnant optic nerve so carefully cut 
the sclera around the optic nerve. 
At this point the retina has retained its curved shape and needs to be flattened for 
sampling. Before flattening the retina, the vitreous humour, which has the consistency of jelly, 
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can be removed in a lump. To flatten the retina onto a slide, make several radial cuts with a 
scalpel blade. The residual vitreous humour can now be removed with ordinary filter paper 
and a paintbrush. The retinal ganglion cell layer is exposed at this point so it is imperative to 
be gentle when removing the vitreous humour. If the optic nerve is still attached at the optic 
disc, remove the optic nerve without ripping the retina using a scalpel blade and a pair of 
spring scissors. This is now a flat mount retina (Figure 1) and the fovea should be apparent as 
a dark patch in the temporal/ventral direction from the optic disc. 
 
Figure 1. Flatmount Retina. Radial cuts are used to flatten the retina. 
 
Part 4: Sampling 
There are a number of options for sampling the retina. Here we will describe the 
flatmount preparation and isodentric sampling. For both procedures flatmount the retina with 
the optic fiber layer away from the slide. If the intention is to examine the retinal ganglion cell 
layer in the flatmount preparation, it is necessary to either remove or bleach the pigmented 
epithelium. To remove the pigmented epithelium use a paintbrush lightly to remove some of 
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this layer, this tends to damage the photoreceptor layer. Bleaching involves soaking the retina 
in potassium permanganate solution (0.25%) for 1 hour, washing in distilled water, and 
clearing in oxalic acid (5%) for 5 minutes2. 
If the intention is to examine cell distribution and morphology of each layer throughout 
the retina, then we suggest isometric sampling of the retina. The retina should be flatmounted 
on a slide and kept moist with PBS. For isometric sampling cut small pieces of tissue 
equidistant from the optic disc in the nasal, temporal, upper and lower directions (Figure 1). It 
is not necessary to bleach the pigmented epithelium in this preparation. These pieces can now 
be sectioned in the coronal plane with a cryostat, vibratome, or ultramicrotome depending on 
the research question. For cryostat sectioning, the pieces should be cryoprotected in 30% 
sucrose overnight and frozen in the context of a mounting medium on dry ice. Alternatively, 
the samples can be embedded in agar and sliced on a vibratome. The cryostat and vibratome 
preparations will reliably yield sections as thin as 4 µm. If thinner sections are required (e.g. 
for electron microscope preparation), it is necessary to prepare the samples for the 
ultramicrotome. To do this, the sections should be post-fixed in osmium tetroxide for 1 hour 
under the fumehood. This is followed by dehydration in a graded ethanol series (50, 70, 95, 
95, 100, 100%) and 100% propylene oxide. The tissue is then embedded in Epon (EMBed-812 
embedding kit). 
Part 5: Representative Results: 
In our laboratory, we routinely perform immunohistochemistry on cryosectioned 
retinae (Figure 2). In this case we are interested in the isodensity of cannabinoid receptors 
(CB1) in the primate retina. We also examine the effects of prenatal ethanol exposure on the 
primate visual system. To this end, we are interested in cell density and layer thickness in the 
fovea and in the peripheral retina. To accomplish this, we embed pieces of retina in Epon, 
slice at 700nm on an ultramicrotome, and stain with 1% toluidine blue (Figure 3). 
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Figure 2. Immunostaining. Cryosection of peripheral retina immunostained for CB1 where the 
retinal ganglion cells are heavily labeled with some labeling in the inner and outer nuclear 
layers. The thickness of this section is 14 µm and stained on the slide. RG - retinal ganglion 
layer; IP - inner plexiform layer; IN - inner nuclear layer; OP - outer plexiform layer; ON - 
outer nuclear layer. 
 
Figure 3. Fovea. Section through the fovea that was embedded in Epon and sliced on an 
ultramicrotrome at 700 nm. The photoreceptor layer (PR) was used to align the sections. 
Notice that the entire extent of the photoreceptors can be identified indicating an appropriate 
angle in the coronal plane. Density measurements were taken at 300 nm, 500 nm, and 800 nm 
from the center of the foveal pit using the Bioquant Imaging system. RG - retinal ganglion 
layer; IP - inner plexiform layer; IN - inner nuclear layer; OP - outer plexiform layer; ON - 
outer nuclear layer; scale bar = 50 µm.  
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Discussion 
The preparation of the retina as a wholemount allows for the analysis of the topography 
and spatial distribution of either the ganglion cell layer or the endothelial cells of the retinal 
blood vessels3. Quantification of cell density in the periphery of primate retina is readily 
accomplished. however, in perifoveal and foveal regions, the stacking of multiple layers in the 
ganglion cell layer obstructs quantification. To circumvent this potential bias, the fovea and 
perifoveal region can be dissected from the wholemount preparation, embedded in Epon, and 
serially sectioned using an ultramicrotome to obtain semi-thin sections in the coronal plane2,4. 
There are a number of other disadvantages to the wholemount preparation, which can be 
overcome with alternative sampling paradigms. 
Taking isometric samples from the retina and sectioning in the coronal plane on either 
a cryostat or vibratome allows for specific examination of the different layers, which cannot 
be readily performed on a wholemount preparation. Sectioning in this manner also allows for 
the application of multiple immnohistochemistry protocols5. These sections can then be 
removed from the slide, embedded in Epon and sliced on an ultramicrotome. With an 
ultramicrotome minor changes in the cutting angle can be made to ensure a standard coronal 
plane through the photoreceptors. Once a standard plane has been obtained, layer thickness 
can be measured and compared between retinal regions and subjects. Furthermore, Epon 
embedded tissue can be used in electron microscopy studies to reveal ultrastructural 
characteristics of the retina6. 
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Abstract 
The endocannabinoid system mainly consists of cannabinoid receptors type 1 (CB1R) 
and type 2 (CB2R), their endogenous ligands termed endocannabinoids (eCBs), and the 
enzymes responsible for the synthesis and degradation of eCBs. These cannabinoid receptors 
have been well characterized in rodent and monkey retinae. Here, we investigated the 
expression and localization of the eCB system beyond the retina, namely the first thalamic 
relay, the dorsal lateral geniculate nucleus (dLGN), of vervet monkeys using 
immunohistochemistry methods. Our results show that CB1R is expressed throughout the 
dLGN with more prominent labeling in the magnocellular layers. The same pattern is observed 
for the degradation enzyme, fatty acid amide hydrolase (FAAH). However, the synthesizing 
enzyme N-acyl-phosphatidylethanolamine phospholipase D (NAPEPLD) is expressed 
homogenously throughout the dLGN with no preference for any of the layers. These proteins 
are weakly expressed in the koniocellular layers. These results suggest that the presence of the 
eCB system throughout the layers of the dLGN may represent a novel site of neuromodulatory 
action in normal vision. The larger amount of CB1R in the dLGN magnocellular layers may 
explain some of the behavioral effects of cannabinoids associated with the integrity of the 
dorsal visual pathway that plays a role in visual-spatial localization and motion perception. 
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Introduction 
The physiological and psychological effects of phytocannabinoids, the active 
components of the cannabis plant, can be detected almost everywhere in the body due to their 
actions on specific receptors: mainly the cannabinoid receptors type 1 (CB1R) and type 2 
(CB2R). Cannabinoid receptors are membrane receptors principally coupled to inhibitory G-
proteins that modulate the release of neurotransmitters (Piomelli, 2003 and Gómez-Ruiz et al., 
2007). They mediate biological functions not only via the exogenous cannabinoids, but also 
via eCBs such as N-arachidonoylethanolamide (anandamide or AEA) and 2-
arachidonoylglycerol (2-AG). Unlike the classical neurotransmitters, eCBs are synthesized 
“on demand” by catalyzing the release of N-acylethanolamines (NAEs) from N-acyl-
phosphatidylethanolamine (NAPE) by specific enzyme, like N-acyl-phosphatidylethanolamine 
phospholipase D (NAPE-PLD) or from arachidonic acid via diacylglycerol lipase enzyme 
(DAGL). The eCBs are not accumulated into synaptic vesicles and are rather degraded rapidly 
by specific enzymes like fatty acid amid hydrolase (FAAH) and monoglycerol lipase (MAGL) 
(for review, see Deutsch and Chin, 1993). 
The localization and function of the molecular components of the eCB system in the 
central nervous system have been the subject of recent research. In fact, the role of the eCB 
system in learning, memory, neuroprotection and visual processing is essentially due to the 
modulation of neurotransmitter release by the presynaptic location of CB1R (Di Marzo et al., 
1998 and Straiker et al., 1999a). CB1R expression is found in the hippocampus, prefrontal 
cortex, cerebellum and basal ganglia of rodents (Herkenham et al., 1991) and primates (Eggan 
and Lewis, 2007). It is expressed in glutamatergic and GABAergic neurons throughout the 
central and peripheral nervous systems (Egertová and Elphick, 2000). In the visual system, 
CB1R and FAAH have been localized in cone photoreceptors, horizontal, amacrine, bipolar, 
and retinal ganglion cells in the central and peripheral retina of vervet monkeys (Bouskila et 
al., 2012). CB1R is also found in the human retina (Straiker et al., 1999b). 
Earlier studies reported that cannabis could affect several visual functions, such as 
photosensitivity (Adams et al., 1978), visual acuity (Moskowitz et al., 1972 and Adams and 
Brown, 1975), color vision (Dawson et al., 1977), ocular tracking (Flom et al., 1976), 
binocular depth inversion, and stereoscopic vision (Emrich et al., 1991, Leweke et al., 1999 
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and Semple et al., 2003). Some case studies later claimed other visual effects of cannabis such 
as visual distortions, altered perception of distance, illusions of movement in stationary and 
moving objects, color intensification of objects, dimensional distortion and blending of 
patterns and objects (Levi and Miller, 1990 and Lerner et al., 2011). Given the localization of 
CB1R in the central retina, from cones to ganglion cells, it is reasonable to assume its 
implication in these visual manifestations. 
In homogenates of rodent thalamus, high levels of AEA (Felder et al., 1996) and 
FAAH (Egertová et al., 2003), as well as an elevated cannabinoid receptor/G-protein 
amplification ratio (Breivogel et al., 1997) have been found. Also, using 
immunohistochemistry, moderate to low levels of CB1R expressions have been found in the 
thalamus of rats (Egertová et al., 1998, Tsou et al., 1998 and Moldrich and Wenger, 2000), 
non-human primates (Ong and Mackie, 1999) and humans (Glass et al., 1997) without 
focusing on dorsal lateral geniculate nucleus (dLGN). However, there is no study, to our 
knowledge, that has thoroughly studied the expression of the eCB system in this retino-
recipient primary thalamic relay of the primate. Similar to apes and humans, the dLGN of 
vervet monkeys consists of six layers. The first two ventral layers, the magnocellular layers, 
receive input from large ganglion cells (rod signals) and are necessary for the perception of 
movement, depth and small difference in brightness. The four dorsal layers, parvocellular 
layers, receive input from small ganglion cells of the retina (cone signals) and play a role in 
color and form perception. These layers are well separated by an inter-laminar zone called 
koniocellular layers that contribute to short-wavelength “blue” cones (Xu et al., 2001). Given 
the expression and localization of CB1R in the retinal mosaic, we expect to find this receptor 
in the optic nerve and the dLGN layers. 
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Experimental procedures 
Animals. Monkey tissues were obtained from four adult vervet monkeys (Chlorocebus 
sabaeus). The monkeys were part of Dr. Ptito’s and Dr. Palmour’s research project that was 
approved by McGill University Animal Care and Use Committee. The animals were born and 
raised under an enriched natural environment in the laboratories of the Behavioral Sciences 
Foundation (St-Kitts, West Indies), a facility recognized by the Canadian Council on Animal 
Care (CCAC). The experimental protocol was reviewed and approved by the local Animal 
Care and Use Committee (University of Montreal) and the Institutional Review Board of the 
Behavioral Science Foundation. 
Tissue preparation. Each animal was sedated with ketamine hydrochloride (10 mg/kg, 
i.m.) and euthanized by an overdose of intravenously administered sodium pentobarbital (25 
mg/kg), followed by transcardial perfusion of 0.1 M phosphate-buffered saline (PBS) (pH 
7.4). The brains were then removed, blocked and flash-frozen in an isopentane bath cooled in 
a dry ice chamber and maintained at −80 °C. The blocks were cut along the coronal plane in 
20-µm sections at −18 °C on a Leica CM3050S cryostat and mounted onto gelatinized subbed 
glass slides. The slide-mounted tissue sections were stored at −80 °C until further histological 
processing. 
Immunohistochemistry (DAB). At least one slide-mounted 20-µm fresh-frozen tissue 
section per animal was selected from A6 to A9, at a level where the lamination of the dLGN is 
the clearest and thawed at room temperature. A hydrophobic barrier was created surrounding 
the slides, using PAP pen (Vector, Burlingame, CA, USA) to keep staining reagents localized 
on the tissue section. Sections were fixed with 70% ethanol solution for 15 min, followed by 
two 5-min rinses with 0.1 M Tris buffer, pH 7.4/0.03% Triton X-100. To block the 
endogenous peroxidase activity, sections were washed with 0.3% hydrogen peroxide in PBS 
for 15 min. Following three times 5-min PBS-triton rinse, sections were blocked for 60 min 
with a solution of 10% normal donkey serum (NDS) and 0.1 M Tris buffer/0.5% Triton. Each 
section was incubated overnight at room temperature with primary antibodies (Table 1) diluted 
in the blocking solution. The next day, sections underwent three 10-min PBS-triton washes, 
followed by incubation in a secondary antibody solution (biotinylated donkey anti-rabbit 
antibody diluted 1:200 in blocking solution) for 2 h. After three consecutive 10-min washes 
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with PBS-triton, the sections were incubated for 1 h in an avidin–biotin-conjugated 
horseradish peroxidase (Vectastain ABC kit, Burlingame, CA, USA) solution (1:500). 
Following three subsequent 10-min washes in PBS-triton, the sections were treated with a 
3,3′-diaminobenzidine (DAB) substrate. After rinsing in PBS-triton three times for 5 min each, 
sections underwent dehydration in graded ethanol steps, cleared in xylene, and cover-slipped 
with Permount mounting media (Fisher Scientific; Pittsburgh, PA, USA). Sections were 
examined on a Leica DMRB under bright field illumination. 
Immunofluorescence. Double and triple labeling of the brain tissues were performed 
according to previously published methods on the vervet monkey retina (Bouskila et al., 2012, 
Bouskila et al., 2013a and Bouskila et al., 2013b). Briefly, sections were post-fixed for 15 min 
in 70% ethanol, rinsed two times for 5 min in 0.1 M Tris buffer, pH 7.4/0.03% Triton and 
blocked for 90 min in 10% NDS and 0.1 M Tris buffer/0.5% Triton. Sections were incubated 
overnight at room temperature with primary antibodies in blocking solution. The antibodies 
directed against molecular eCB components all raised in rabbit were used conjointly with a 
known cell marker: glial fibrillary acidic protein (GFAP) (astrocytes marker), vesicular 
glutamate transporter 1 (VGLUT1) (glutamatergic cell marker) and GABA (GABAergic cell 
marker) (Table 1). The next day, sections were washed for 10-min and two times for 5 min in 
0.1 M Tris/0.03% Triton and incubated with biotinylated donkey anti-rabbit diluted 1:200 in 
blocking solution for 2 h for the eCB targets to amplify the signals. Sections were then 
incubated for another 2 h with streptavidin 647 in order to amplify the signal and alexa 555 or 
488 secondary antibodies when necessary. Sections were cover-slipped with Fluoromount-
G™ Mounting Medium (SouthernBiotech, Birmingham, AL, USA) after 3 × 10 min washes 
with 0.1 M Tris buffer. In the case of the GABA antibody, the sections had to be fixed in PFA 
4% and glutaraldehyde 1%. The GABA signals were amplified with biotinylated donkey anti-
mouse and the cannabinoid signals with donkey anti rabbit HRP and alexa fluor tyramide 
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Antibody characterization 
The source and working dilution of all primary antibodies used in this study are 
summarized in Table 1. The antibodies with the exception of NAPE-PLD were successfully 




Table 1. Primary antibodies used in this study. 
 
CB1R. The rabbit anti-CB1R (Calbiochem, Gibbstown, NJ, USA) was developed 
using a highly purified fusion protein with the first 77 amino acid residues of rat CB1R. 
According to the manufacturer’s data sheet, it recognizes a major band of 60 kDa with also 
less intense bands of 23, 72, and 180 kDa. This antibody was shown to be specific using 
CB1R knockout mouse retinal tissue (Zabouri et al., 2011). It recognizes the CB1R (60 kDa) 
from many species, including the vervet monkey tissues (Bouskila et al., 2012). 
GFAP. The mouse anti-glial fibrillary acidic protein (GFAP, Clone G-A-5, Sigma–
Aldrich, St. Louis, MO, USA) was produced using purified GFAP isolated from the pig spinal 
cord. This antibody recognizes the GFAP protein of 50 kDa in Western blots (manufacturer’s 
data sheet). GFAP stains cells with the morphology and distribution expected for astrocytes in 
monkey dLGN (Takahata et al., 2010). 
FAAH. The rabbit anti-fatty acid amide hydrolase (FAAH, Cayman Chemical, Ann 
Arbor, MI, USA) was developed using a synthetic peptide from rat FAAH amino acids 561–
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579 (CLRFMREVEQLMTPQKQPS) conjugated to KLH. As expected, it recognizes a dense 
band at about 66 kDa and a very light one below 37 kDa. The specificity of this antibody has 
been demonstrated in rat (Suárez et al., 2008 and Zabouri et al., 2011) and vervet monkey 
(Bouskila et al., 2012) tissues. 
NAPE-PLD. The rabbit anti-N-acyl phosphatidylethanolamine-specific phospholipase 
D (NAPE-PLD, Cayman Chemical, Ann Arbor, MI, USA) was developed using a synthetic 
peptide from human NAPE-PLD amino acids 159–172 (YMGPKRFRRSPCTI). Its cross 
reactivity has been tested in many species, and it recognizes an intense band at 46 kDa on 
Western blot of the human cerebellum (manufacturer’s data sheet). 
NAPE-PLD blocking peptide. The NAPE-PLD blocking peptide containing the 
human NAPE-PLD amino acid sequence 159–172 (YMGPKRFRRSPCTI; Cayman Chemical, 
Ann Arbor, MI, USA) was used in the present study for Western blot analysis. The specificity 
of the NAPE-PLD antibody was tested by pre-incubation with the corresponding blocking 
peptide. For pre-adsorption, the primary antibody was diluted in PBS and incubated with a 
ratio 1:5 for 2 h at room temperature, with occasional inversion. Thereafter, the antibody-
blocking peptide solution was added to the blot and subsequent Western blotting followed the 
protocol as described further. 
VGLUT1. The mouse anti-vesicular glutamate transporter 1 (VGLUT1, Synaptic 
System, Goettingen, Germany) was raised against the aa 456–560 of the rat VGLUT1 protein. 
It is used as a glutamatergic neuron marker and its specificity has been verified in vglut1 KO 
mouse tissue ( Wojcik et al., 2004) as well as using the corresponding blocking peptide ( Zhou 
et al., 2007). 
GABA. The mouse anti-gamma aminobutyric acid antibody (GABA, Millipore, MA, 
USA) was synthesized coupling to BSA with glutaraldehyde. It is used as a marker of 
GABAergic neurons. Thus, for the GABA antibody, sections were fixed for 20 min in 1% 
glutaraldehyde, 4% PFA in PBS. The antibody has been frequently used in different animals, 
and its specificity has been verified in monkey (Jongen-Relo et al., 1999). 
Microscopy. To detect the fluorescence signals, a Leica TCS SP2 confocal laser-
scanning microscope (Leica Microsystems, Exton, PA, USA) with 40× (n.a. 1.25–0.75) and 
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100x (n.a. 1.40–0.7) objectives was used. Subsequently, images were acquired from the green 
and far-red channels on optical slices of less than 0.9 µm. Adobe Photoshop (CS5; Adobe 
Systems, San Jose, CA, USA) was used for all photomicrographic adjustments on size, color 
and shape before exporting them to Adobe InDesign (CS5; Adobe Systems), where the final 
figure layout was completed. For DAB staining, all photomicrographs were captured with a 
Leica DMR photomicroscope equipped with a Retiga 1300 video camera system (Q Imaging) 
using the QCapture software with a Leica 2.5× (n.a. 0.07) objective. 
Quantification. In order to enhance the visualization of CB1R spatial distribution 
throughout the dLGN layers, photomicrographs demonstrating the entire structure were 
generated in an 8-bit gray scale. Using a MatLab code, the minimum and maximum thresholds 
of the gray values in the image were measured. The gray spectrum values were then eventually 
distributed within the RGB spectral subdivision in which the maximum threshold gray values 
were presented in red and the minimum in blue. Moreover, the average contrast intensity of 
each layer was calculated using the FIJI program (v. 1.48t, Wayn Rasband, NIH, USA). The 
program was calibrated using a calibration grid slide. The RGB images were inverted to 8-bit 
with a linear gray scaling from a minimum to a maximum pixel intensity (arbitrary value 0–
255). The mean intensity of four sections (per condition) in their whole magno-, parvo- and 
koniocellular layers (±SEM) was reported after subtracting the average background intensity. 
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Results 
Spatial expression of the endocannabinoid system in dLGN. To examine the 
laminar expression of the endocannabinoid system profile in dLGN, tissues were labeled with 
specific antibodies against CB1R, FAAH, and NAPE-PLD. Their expression pattern in the 
brain was quantified using heatmap analysis. Immunolabeled sections for CB1R were found 
throughout the magnocellular and parvocellular layers of the dLGN with a higher intensity in 
the magnocellular layers (Fig. 1a, d, g). The koniocellular layers had the lowest expression of 
CB1R (Fig. 1a, d, g). Similar patterns of expression were observed for FAAH (Fig. 1b, e, g). 
NAPE-PLD was expressed homogenously with no preferences for the magnocellular or 
parvocellular layers. The koniocellular layers still showed very low expression of the 
synthesizing enzyme (Fig. 1c, f, g). A consistent staining pattern across all four monkeys 
dLGN was found. Interestingly, all these three proteins were also highly expressed in the optic 
nerve (data not shown). 
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Fig. 1. Spatial distribution of CB1R, FAAH, and NAPE-PLD throughout the dLGN (a–c) of 
vervet monkeys. The RGB heat map was used to enhance the display of the abundance of the 
CB1R (d), FAAH (e) and NAPE-PLD (f) in the dLGN. The gray spectrum was distributed 
within the RGB spectral subdivision in which the maximum threshold gray values were 
expressed as red and the minimum as blue. CB1R is more expressed within the first two layers 
of dLGN. FAAH expression pattern is similar to CB1R. The NAPE-PLD expression is 
similarly distributed throughout the magno and parvo cellular layers. Scale bars = 500 µm. (g) 
Quantification of the mean contrast intensity of CB1R, FAAH and NAPE-PLD-IR in magno-, 
parvo- and koniocellular layer. The bars indicate the standard error. 
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CB1R, FAAH and NAPE-PLD are not present in LGN astrocytes. The double 
immunostaining was carried out with molecular markers to examine the eCB system 
expression at the cellular level. Cytosolic spread expression of CB1R is not co-localized with 
GFAP-positive glial cells (Fig. 2a–f). There is an apparent higher expression of CB1R in the 
magnocellular layers (Fig. 2a–c) compared to the parvocellular layers (Fig. 2d–f). The very 
weak expression of this receptor in the koniocellular layers is also evident (Fig. 1g, h). 
Similarly, FAAH-IR is not detected in astrocytes of magnocellular layer (Fig. 2j–l). 
 
Triple-label immunofluorescence of the CB1R (magenta) and GFAP (green) ... In 
contrast to the difference in the pattern of expression of NAPE-PLD, the cellular expression of 
this synthesizing enzyme is similar to that of CB1R and FAAH. NAPE-PLD is also absent in 
astrocytes; however, it is abundant in the cytosol of the both magnocellular (Fig. 2m–o) and 
parvocellular (data not shown) dLGN neurons. 
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Fig. 2. Triple-label immunofluorescence of the CB1R (magenta) and GFAP (green) 
expression with nucleic acid stain Sytox (blue), respectively in magnocellular (a–c), 
parvocellular (d–f) and koniocellular layers (g–i). The absence of GFAP with FAAH (j–l) and 
NAPE-PLD (m–o) co-localizations in the magnocellular layers of the monkey dLGN are 
shown. Each immunostaining is presented alone in gray scale in the first two columns (1st 
column: GFAP and 2nd column: CB) following their merged image in the third column. 
Arrows point at GFAP cell bodies with no expression of CB. Scale bars = 75 µm. 
 
CB1R, FAAH and NAPE-PLD are expressed in glutamatergic and GABAergic 
neurons. As previously reported in the rat brain, CB1R is expressed in both GABAergic and 
glutamatergic cells (Egertová and Elphick, 2000). Our results validate the expression of CB1R 
within the GABAergic (Fig. 3a–c) and glutamatergic cells in the magnocellular layers (Fig. 
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3d–f). Furthermore, we report the same pattern of expression for FAAH and NAPE-PLD in 
both GABAergic (Fig. 3g–i and m–o) and glutamatergic neurons (Fig. 3j–l and p–r) without 
any preferences for any of them. 
 
Fig. 3. Immunofluorescence labeling illustrating the co-localization of CB1R (a–f), FAAH (g–
l) and NAPE-PLD (m–r) with GABAergic (three left columns) and glutamatergic (three right 
columns) neurons in the magnocellular layer 1 of the dLGN. Each immunostaining is 
presented alone in gray scale in the first two columns following their merged image in the 
third column. Arrows point to the co-localization of eCB components with GABA and 
VGLUT1. Scale bar = 75 µm.  
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Discussion 
To our knowledge, this is the first study reporting the spatial distribution of CB1R and 
the enzymes regulating the levels of its ligands, namely FAAH and NAPE-PLD in the dLGN 
of primates. Given that CB1R, FAAH and NAPE-PLD are expressed in an overlapping pattern 
in the dLGN (Fig. 1), it might play a role in the auto-feedback control of neurotransmitter 
release, as proposed for the retina of the same species (Bouskila et al., 2012). This means that 
the same neurons that produce eCBs may also respond to their ligands in order to control the 
release of neurotransmitters. 
CB1R: from the retina to the dLGN. There are studies that assessed CB1R 
expression in the whole brain and reported its expression in the thalamus. The dorsal thalamus 
was found to slightly express CB1Rs in rats (Tsou et al., 1998), not at all (Eggan and Lewis, 
2007) or moderately (Ong and Mackie, 1999) in primates and humans (Glass et al., 1997), 
without any focus on the dLGN. To date, we have found only one study looking specifically at 
the rodent dLGN and reporting CB1R expression (Argaw et al., 2011). These results are 
however difficult to generalize to the monkey and human dLGN given the major anatomical 
differences in its organization as well as its cortical projections. Moreover, while the vast 
majority of retinal inputs projects to the dLGN in primates, only a limited number of retinal 
ganglion cells axons converge to the basic dLGN of rodents (Dacey et al., 2003 and Huberman 
and Niell, 2011). 
Retinal ganglion cells receive their input from rods and cones and transfer the visual 
information via parasol and midget cells to the magnocellular layers and the parvocellular 
layers of dLGN, respectively. Magnocellular and parvocellular layers target layer four of area 
V1 (4Cα and 4Cβ respectively). Both the M and P pathways also project to layer six of the 
primary visual cortex and receive a robust corticogeniculate feedback from the same layer that 
is mainly excitatory and glutamatergic (McCormick and von Krosigk, 1992 and Fitzpatrick et 
al., 1994). The LGN is not just a passive relay; about 90% of its inputs are coming from sites 
other than retina, and about 30% of them are feedback inputs from V1 (Van Horn et al., 2000). 
Recent studies revealed that a close relationship in feedforward and feedback parallel streams 
instigates the functional influence of the LGN in visual processing. The magnocellular 
pathway is more sensitive to low spatial frequencies, low luminance contrasts, and responsible 
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for the perception of motion and luminance, but it is chromatically non-opponent. On the other 
hand, parvocellular neurons (eight times more numerous than magno cells) convey chromatic 
and form information and are less sensitive to luminance contrasts (Briggs and Usrey, 2011). 
Additionally, the middle temporal visual area (MT) and medial superior temporal area (MST), 
motion detection centers, mainly receive the magnocellular layers’ primary inputs (Maunsell 
et al., 1990 and Merigan et al., 1991). In human and non-human primates, low to moderate 
density of CB1R has been reported in several cortical areas like the primary visual cortex 
(V1), specially layer five and six, in higher-order visual areas (V2, V3, V4) with more density 
in MT and MST (Eggan and Lewis, 2007). In V1, layers five and six contained the highest 
expression of CB1R (Eggan and Lewis, 2007). Interestingly, the higher density of CB1R in 
magnocellular layers of LGN in our study concurs with well-defined thalamo-recipient 
cortical areas. Thus, expression of eCB components in the visual cortex of rodent and primate 
brains (Eggan and Lewis, 2007 and Jiang et al., 2010) indicates that the whole visual pathway, 
from the retina to cortex, can be influenced by cannabinoids. 
CB1R and FAAH are highly co-expressed throughout the retinal layers of the same 
species (Bouskila et al., 2012). Here, we show that both CB1R and FAAH are present in the 
dLGN mainly in the magnocellular layers. Previous studies showed a similar overlapping 
distribution of FAAH and CB1R in pyramidal cells of the mouse hippocampus, amygdala and 
entorhinal cortex (Marsicano and Lutz, 1999) and the rat cortex (Hill et al., 2007). 
NAPE-PLD: a dissimilar pattern of expression. NAPE-PLD is widely expressed in 
the mouse thalamus (Egertová et al., 2008). Furthermore, the presence of NAPE-PLD in the 
rat brain has been reported, with an increased expression in the thalamus (Morishita et al., 
2005). Unlike CB1R and FAAH, the synthesizing enzyme, NAPE-PLD, is expressed 
homogenously throughout the magnocellular and parvocellular layers of the dLGN without 
any laminar preference (Fig. 1c, f, g). Besides synthesizing the endocannabinoid AEA, NAPE-
PLD also generates NAEs that are major substrates for mediating various motivational 
functions (Viveros et al., 2008). Interestingly, the degrading enzyme FAAH can metabolize 
NAEs into cellular membrane components (Cravatt et al., 1996 and Cravatt et al., 2001). Even 
though both FAAH and NAPE-PLD are expressed in rodent thalamic nuclei neuronal cells, 
FAAH is only present in neuronal somata (Egertová et al., 2003). Given that these proteins are 
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targeted to the axons, axon terminals and cytosol of neurons suggest a putative role of the eCB 
system as a mediator of anterograde signaling at thalamic synapses. Our results show that 
FAAH and NAPE-PLD are also co-expressed in the monkey dLGN (Fig. 1b, c). They support 
previously reported results that NAE could serve as an autocrine synaptic signaling molecules 
regulating the release of neurotransmitters (Egertová et al., 2008). 
CB1R, FAAH and NAPE-PLD are not present in LGN astrocytes. The presence of 
CB1R in astrocytes is controversial. While some studies have failed to show any expression of 
CB1R in astrocytes (reviewed in Stella, 2004), others have detected it in the caudate, putamen 
(Rodriguez et al., 2001) and hippocampal astrocytes (Navarrete and Araque, 2008). In the 
hippocampus, astrocyte activation of CB1R leads to phospholipase C-dependent Ca2+ 
mobilization from the store and mediation of the eCBs communication with the neurons. This 
intermediation might play a role in the physiology of CB addiction (Navarrete and Araque, 
2008). Our results show no co-expression between CB1R, FAAH and NAPE-PLD with GFAP 
in the LGN. 
 
Functional significance 
The geniculo-cortical distribution of CB1R (Fig. 1) sheds light into the putative 
functions of the eCB system in vision. Indeed, cannabis at the retinal level could affect the 
upstream visual pathways namely the ventral and dorsal visual streams. The higher expression 
of CB1R and FAAH in the magnocellular layers could have a functional value for the dorsal 
visual system involved in motion processing and object location (“how/where” pathway) 
(Goodale and Milner, 1992 and Kupers and Ptito, 2014). The abundance of the CB1R in the 
magnocellular layers of dLGN, areas MT and MST supports a role of eCB system in motion 
perception. In agreement with our findings, case studies on high-potency heavy cannabis 
smokers reported visual disturbances and impairment in motion perception (Levi and Miller, 
1990). Likewise, cannabis causes impaired performance in tests that require fine psychomotor 
control such as tracking a moving point of light on a screen (Adams et al., 1975 and Adams et 
al., 1978). Magnocellular neurons are also more sensitive to low luminance contrasts (Tootell 
et al., 1988) and relatively unresponsive to chromatic contrasts (Croner and Kaplan, 1995). 
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Higher expression of CB1R in the magnocellular pathway prompts a role of the 
endocannabinoid system in the night vision. In agreement with this speculation, numerous 
reports claim that smoking marijuana improves dim light vision and photosensitivity (Dawson 
et al., 1977, Merzouki and Mesa, 2002 and Russo et al., 2004). Besides, the neurons in the 
magnocellular pathway are also sensitive to flickering stimuli (Lee et al., 1989) and lesions to 
the magnocellular layers of the dLGN can cause deficits in critical flicker fusion (Merigan and 
Maunsell, 1990) and flicker detection (Schiller et al., 1990). 
Even though the expression of the CB1R and FAAH is more abundant in 
magnocellular layers, they are nonetheless present in the parvocellular layers of the dLGN. If 
the eCB system plays any role in color perception, it should be through chromatic properties 
of parvo cells and retinal cones. Both of these components of the visual system express CB1R. 
Conjointly, one of the most frequently reported effects of cannabis is more intense and 
brighter colors (Green et al., 2003 and Lerner et al., 2011). Although the eCB system is 
considered as a good candidate for modulation of the dynamics of the cortical networks 
(Robbe et al., 2006), there are few electrophysiological studies on the role of cannabinoids in 
the visual system. Recently, it has been reported that the CB1R and CB2R full agonist, 
CP55940, decreases electroencephalogram and local field potential power in V1 and V2 in 
macaque monkeys (Ohiorhenuan et al., 2014). To the best of our knowledge, there is only one 
study that has characterized the physiological effects of CB1R-mediated activity in the rat 
visual thalamus (Dasilva et al., 2012). Using single-unit extracellular recordings, the authors 
showed that, at the level of thalamus, CB1R activation revealed two cellular populations, one 
exhibiting excitatory effects (28%) and the other inhibitory ones (72%). These actions were 
blocked using AM251, a specific inverse agonist of CB1R. This suggests that CB1R in the rat 
thalamus acts as a dynamic modulator of visual information funneled to the cortex. The 
modulatory role of CB1R in the thalamus of monkeys and especially the dLGN could have a 
higher impact on visual processing due to its complex laminar structure and increased retinal 
inputs. Our results are in accordance with these electrophysiological findings and revealed that 
this neuromodulation of CB1R receptors may be due to their expression in the dLGN. 
The expression pattern of these eCB components has been also well characterized in 
the primate retinal cells (Bouskila et al., 2012, Bouskila et al., 2013a and Bouskila et al., 
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2013b) that project to the dLGN through the optic nerve. The importance of CB1R has been 
highlighted in a recent electroretinographic study (ERG) that showed the implication of this 
cannabinoid receptor in the generation of the ERG responses (Ptito et al., 2014). Indeed, 
blocking CB1R induces an increase in the b-wave component of the ERG. This increase is 
possibly reflecting the gating of calcium (Ca2+) and potassium (K+) ionic channels (Bouskila 
et al., 2013a). The change in neuronal membrane permeability to Ca2+ ions and activity of 
adenylyl cyclase may affect neurotransmitter release and action (Di Marzo et al., 1998) not 
only at the retinal level, but also probably at the dLGN level. 
The data presented here provide the first insight into the neuroanatomy of CB1R, 
FAAH, and NAPE-PLD expression in the primate dLGN and a new perspective of the neural 
function of this system. In other words, the presence of the endocannabinoid system in the 
dLGN and especially in the magnocellular pathway suggests a putative neuromodulatory 
action that affects the functions of the dorsal visual pathway involved in motion perception, 
object localization and action-oriented behaviors that depend on the perception of space. 
 
Acknowledgments 
The Natural Science and Engineering Research Council of Canada (6362-2012, MP; 
311892-2010, JFB) and the Canadian Institutes of Health Research (MOP-86495, JFB) 
supported this project financially. J.F.B. holds a Chercheur Boursier Senior from the Fonds de 
Recherche du Québec-Santé (FRQ-S). M.P is Harland Sanders Char Professor in Visual 
Science. We are also grateful to Dr. Frank Ervin and Dr. Roberta Palmour of St.-Kitts, West 
Indies, for supplying the vervet monkey tissues. We would like to thank Dr. Mohammad 
Jabbari Hagh for writing the MATLAB codes for heat map.  
 
Conflict of interest 
The authors declare that they have no conflict of interest. 
  
  xxxii 
References 
Adams AJ, Brown B (1975) Alcohol prolongs time course of glare recovery. Nature 
257 (5526):481-483 
Adams AJ, Brown B, Flom MC, Jones RT, Jampolsky A (1975) Alcohol and 
marijuana effects on static visual acuity. Am J Optom Physiol Opt 52 (11):729-735 
Adams AJ, Brown B, Haegerstrom-Portnoy G, Flom MC, Jones RT (1978) Marijuana, 
alcohol, and combined drug effects on the time course of glare recovery. Psychopharmacology 
(Berl) 56 (1):81-86 
Argaw A, Duff G, Zabouri N, Cécyre B, Chaine N, Cherif H, Tea N, Lutz B, Ptito M, 
Bouchard JF (2011) Concerted action of CB1 cannabinoid receptor and deleted in colorectal 
cancer in axon guidance. J Neurosci 31 (4):1489-1499 
Bouskila J, Burke MW, Zabouri N, Casanova C, Ptito M, Bouchard JF (2012) 
Expression and localization of the cannabinoid receptor type 1 and the enzyme fatty acid 
amide hydrolase in the retina of vervet monkeys. Neuroscience 202:117-130. 
Bouskila J, Javadi P, Casanova C, Ptito M, Bouchard JF (2013a) Muller cells express 
the cannabinoid CB2 receptor in the vervet monkey retina. J Comp Neurol. 
Bouskila J, Javadi P, Casanova C, Ptito M, Bouchard JF (2013b) Rod photoreceptors 
express GPR55 in the adult vervet monkey retina. PLoS One 8 (11):e81080. 
Breivogel CS, Sim LJ, Childers SR (1997) Regional differences in cannabinoid 
receptor/G-protein coupling in rat brain. J Pharmacol Exp Ther 282 (3):1632-1642 
Briggs F, Usrey WM (2011) Corticogeniculate feedback and visual processing in the 
primate. J Physiol 589 (Pt 1):33-40. 
Casagrande VA (1994) A third parallel visual pathway to primate area V1. Trends 
Neurosci 17 (7):305-310 
Casagrande VA (1999) The mystery of the visual system K pathway. J Physiol 517 ( Pt 
3):630 
  xxxiii 
Cécyre B, Thomas S, Ptito M, Casanova C, Bouchard JF (2014) Evaluation of the 
specificity of antibodies raised against cannabinoid receptor type 2 in the mouse retina. 
Naunyn-Schmiedeberg's archives of pharmacology 387 (2):175-184. 
Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR, Lichtman 
AH (2001) Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in 
mice lacking fatty acid amide hydrolase. Proc Natl Acad Sci U S A 98 (16):9371-9376 
Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB (1996) 
Molecular characterization of an enzyme that degrades neuromodulatory fatty-acid amides. 
Nature 384 (6604):83-87. 
Croner LJ, Kaplan E (1995) Receptive fields of P and M ganglion cells across the 
primate retina. Vision Res 35 (1):7-24 
Dacey DM, Peterson BB, Robinson FR, Gamlin PD (2003) Fireworks in the primate 
retina: in vitro photodynamics reveals diverse LGN-projecting ganglion cell types. Neuron 37 
(1):15-27 
Dasilva MA, Grieve KL, Cudeiro J, Rivadulla C (2012) Endocannabinoid CB1 
receptors modulate visual output from the thalamus. Psychopharmacology (Berl) 219 (3):835-
845. 
Dawson WW, Jimenez-Antillon CF, Perez JM, Zeskind JA (1977) Marijuana and 
vision--after ten years' use in Costa Rica. Invest Ophthalmol Vis Sci 16 (8):689-699 
Dell'Osso LF (2000) Suppression of pendular nystagmus by smoking cannabis in a 
patient with multiple sclerosis. Neurology 54 (11):2190-2191 
Deutsch DG, Chin SA (1993) Enzymatic synthesis and degradation of anandamide, a 
cannabinoid receptor agonist. Biochem Pharmacol 46 (5):791-796. 
Di Marzo V, Melck D, Bisogno T, De Petrocellis L (1998) Endocannabinoids: 
endogenous cannabinoid receptor ligands with neuromodulatory action. Trends Neurosci 21 
(12):521-528 
Egertová M, Cravatt BF, Elphick MR (2003) Comparative analysis of fatty acid amide 
hydrolase and cb(1) cannabinoid receptor expression in the mouse brain: evidence of a 
  xxxiv 
widespread role for fatty acid amide hydrolase in regulation of endocannabinoid signaling. 
Neuroscience 119 (2):481-496 
Egertová M, Elphick MR (2000) Localisation of cannabinoid receptors in the rat brain 
using antibodies to the intracellular C-terminal tail of CB. J Comp Neurol 422 (2):159-171. 
Egertová M, Giang DK, Cravatt BF, Elphick MR (1998) A new perspective on 
cannabinoid signalling: complementary localization of fatty acid amide hydrolase and the CB1 
receptor in rat brain. Proc Biol Sci 265 (1410):2081-2085 
Egertová M, Simon GM, Cravatt BF, Elphick MR (2008) Localization of N-acyl 
phosphatidylethanolamine phospholipase D (NAPE-PLD) expression in mouse brain: A new 
perspective on N-acylethanolamines as neural signaling molecules. J Comp Neurol 506 
(4):604-615. 
Eggan SM, Lewis DA (2007) Immunocytochemical distribution of the cannabinoid 
CB1 receptor in the primate neocortex: a regional and laminar analysis. Cereb Cortex 17 
(1):175-191. 
Emrich HM, Weber MM, Wendl A, Zihl J, von Meyer L, Hanisch W (1991) Reduced 
binocular depth inversion as an indicator of cannabis-induced censorship impairment. 
Pharmacol Biochem Behav 40 (3):689-690 
Felder CC, Nielsen A, Briley EM, Palkovits M, Priller J, Axelrod J, Nguyen DN, 
Richardson JM, Riggin RM, Koppel GA, Paul SM, Becker GW (1996) Isolation and 
measurement of the endogenous cannabinoid receptor agonist, anandamide, in brain and 
peripheral tissues of human and rat. FEBS Lett 393 (2-3):231-235 
Fitzpatrick D, Usrey WM, Schofield BR, Einstein G (1994) The sublaminar 
organization of corticogeniculate neurons in layer 6 of macaque striate cortex. Vis Neurosci 11 
(2):307-315 
Flom MC, Brown B, Adams AJ, Jones RT (1976) Alcohol and marijuana effects on 
ocular tracking. Am J Optom Physiol Opt 53 (12):764-773 
  xxxv 
Glass M, Dragunow M, Faull RL (1997) Cannabinoid receptors in the human brain: a 
detailed anatomical and quantitative autoradiographic study in the fetal, neonatal and adult 
human brain. Neuroscience 77 (2):299-318 
Gómez-Ruiz M, Hernández M, de Miguel R, Ramos JA (2007) An overview on the 
biochemistry of the cannabinoid system. Mol Neurobiol 36 (1):3-14 
Goodale MA, Milner AD (1992) Separate visual pathways for perception and action. 
Trends Neurosci 15 (1):20-25 
Green B, Kavanagh D, Young R (2003) Being stoned: a review of self-reported 
cannabis effects. Drug and alcohol review 22 (4):453-460. 
Hendry SH, Reid RC (2000) The koniocellular pathway in primate vision. Annual 
review of neuroscience 23:127-153. 
Hendry SH, Yoshioka T (1994) A neurochemically distinct third channel in the 
macaque dorsal lateral geniculate nucleus. Science 264 (5158):575-577 
Hepp K, Van Opstal AJ, Straumann D, Hess BJ, Henn V (1993) Monkey superior 
colliculus represents rapid eye movements in a two-dimensional motor map. J Neurophysiol 
69 (3):965-979 
Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR, Rice KC (1991) 
Characterization and localization of cannabinoid receptors in rat brain: a quantitative in vitro 
autoradiographic study. J Neurosci 11 (2):563-583 
Hill EL, Gallopin T, Ferezou I, Cauli B, Rossier J, Schweitzer P, Lambolez B (2007) 
Functional CB1 receptors are broadly expressed in neocortical GABAergic and glutamatergic 
neurons. J Neurophysiol 97 (4):2580-2589. 
Huberman AD, Niell CM (2011) What can mice tell us about how vision works? 
Trends Neurosci 34 (9):464-473. 
Jiang B, Sohya K, Sarihi A, Yanagawa Y, Tsumoto T (2010) Laminar-specific 
maturation of GABAergic transmission and susceptibility to visual deprivation are related to 
endocannabinoid sensitivity in mouse visual cortex. J Neurosci 30 (42):14261-14272. 
  xxxvi 
Jongen-Relo AL, Pitkanen A, Amaral DG (1999) Distribution of GABAergic cells and 
fibers in the hippocampal formation of the macaque monkey: an immunohistochemical and in 
situ hybridization study. J Comp Neurol 408 (2):237-271 
Kupers R, Ptito M (2013) Compensatory plasticity and cross-modal reorganization 
following early visual deprivation. Neuroscience and biobehavioral reviews.  
Lee BB, Martin PR, Valberg A (1989) Sensitivity of macaque retinal ganglion cells to 
chromatic and luminance flicker. J Physiol 414:223-243 
Leigh RJ, Das VE, Seidman SH (2002) A neurobiological approach to acquired 
nystagmus. Annals of the New York Academy of Sciences 956:380-390 
Lerner AG, Goodman C, Rudinski D, Bleich A (2011) Benign and time-limited visual 
disturbances (flashbacks) in recent abstinent high-potency heavy cannabis smokers: a case 
series study. The Israel journal of psychiatry and related sciences 48 (1):25-29 
Levi L, Miller NR (1990) Visual illusions associated with previous drug abuse. Journal 
of clinical neuro-ophthalmology 10 (2):103-110 
Leweke FM, Schneider U, Thies M, Munte TF, Emrich HM (1999) Effects of synthetic 
delta9-tetrahydrocannabinol on binocular depth inversion of natural and artificial objects in 
man. Psychopharmacology (Berl) 142 (3):230-235 
Marsicano G, Lutz B (1999) Expression of the cannabinoid receptor CB1 in distinct 
neuronal subpopulations in the adult mouse forebrain. Eur J Neurosci 11 (12):4213-4225. 
Martin PR, White AJ, Goodchild AK, Wilder HD, Sefton AE (1997) Evidence that 
blue-on cells are part of the third geniculocortical pathway in primates. Eur J Neurosci 9 
(7):1536-1541 
Maunsell JH, Nealey TA, DePriest DD (1990) Magnocellular and parvocellular 
contributions to responses in the middle temporal visual area (MT) of the macaque monkey. J 
Neurosci 10 (10):3323-3334 
McCormick DA, von Krosigk M (1992) Corticothalamic activation modulates thalamic 
firing through glutamate "metabotropic" receptors. Proc Natl Acad Sci U S A 89 (7):2774-
2778 
  xxxvii 
Merigan WH, Byrne CE, Maunsell JH (1991) Does primate motion perception depend 
on the magnocellular pathway? J Neurosci 11 (11):3422-3429 
Merigan WH, Maunsell JH (1990) Macaque vision after magnocellular lateral 
geniculate lesions. Vis Neurosci 5 (4):347-352 
Merzouki A, Mesa JM (2002) Concerning kif, a Cannabis sativa L. preparation smoked 
in the Rif mountains of northern Morocco. Journal of ethnopharmacology 81 (3):403-406 
Moldrich G, Wenger T (2000) Localization of the CB1 cannabinoid receptor in the rat 
brain. An immunohistochemical study. Peptides 21 (11):1735-1742 
Morishita J, Okamoto Y, Tsuboi K, Ueno M, Sakamoto H, Maekawa N, Ueda N 
(2005) Regional distribution and age-dependent expression of N-
acylphosphatidylethanolamine-hydrolyzing phospholipase D in rat brain. J Neurochem 94 
(3):753-762. 
Moskowitz H, Sharma S, McGlothlin W (1972) Effect of marihuana upon peripheral 
vision as a function of the information processing demands in central vision. Percept Mot 
Skills 35 (3):875-882 
Navarrete M, Araque A (2008) Endocannabinoids mediate neuron-astrocyte 
communication. Neuron 57 (6):883-893. 
Ohiorhenuan IE, Mechler F, Purpura KP, Schmid AM, Hu Q, Victor JD (2014) 
Cannabinoid neuromodulation in the adult early visual cortex. PLoS One 9 (2):e87362. 
Ong WY, Mackie K (1999) A light and electron microscopic study of the CB1 
cannabinoid receptor in primate brain. Neuroscience 92 (4):1177-1191 
Piomelli D (2003) The molecular logic of endocannabinoid signalling. Nat Rev 
Neurosci 4 (11):873-884. 
Pradeep A, Thomas S, Roberts EO, Proudlock FA, Gottlob I (2008) Reduction of 
congenital nystagmus in a patient after smoking cannabis. Strabismus 16 (1):29-32. 
  xxxviii 
Ptito M, Javadi, P, Bouskila J, Casanova C, Bouchard JF (2014), Role of retinal 
cannabinoid receptors cb1 and cb2, and gpr55 defined by electroretinography in vervet 
monkeys. FENS -0297-D021 
Robbe D, Montgomery SM, Thome A, Rueda-Orozco PE, McNaughton BL, Buzsaki G 
(2006) Cannabinoids reveal importance of spike timing coordination in hippocampal function. 
Nat Neurosci 9 (12):1526-1533. 
Rodriguez JJ, Mackie K, Pickel VM (2001) Ultrastructural localization of the CB1 
cannabinoid receptor in mu-opioid receptor patches of the rat Caudate putamen nucleus. J 
Neurosci 21 (3):823-833 
Russo EB, Merzouki A, Mesa JM, Frey KA, Bach PJ (2004) Cannabis improves night 
vision: a case study of dark adaptometry and scotopic sensitivity in kif smokers of the Rif 
mountains of northern Morocco. Journal of ethnopharmacology 93 (1):99-104. 
Schiller PH, Logothetis NK, Charles ER (1990) Role of the color-opponent and broad-
band channels in vision. Vis Neurosci 5 (4):321-346 
Schiller PH, Malpeli JG, Schein SJ (1979) Composition of geniculostriate input ot 
superior colliculus of the rhesus monkey. J Neurophysiol 42 (4):1124-1133 
Schon F, Hart PE, Hodgson TL, Pambakian AL, Ruprah M, Williamson EM, Kennard 
C (1999) Suppression of pendular nystagmus by smoking cannabis in a patient with multiple 
sclerosis. Neurology 53 (9):2209-2210 
Semple DM, Ramsden F, McIntosh AM (2003) Reduced binocular depth inversion in 
regular cannabis users. Pharmacol Biochem Behav 75 (4):789-793. 
Stella N (2004) Cannabinoid signaling in glial cells. Glia 48 (4):267-277. 
Straiker A, Stella N, Piomelli D, Mackie K, Karten HJ, Maguire G (1999a) 
Cannabinoid CB1 receptors and ligands in vertebrate retina: localization and function of an 
endogenous signaling system. Proc Natl Acad Sci U S A 96 (25):14565-14570 
Straiker AJ, Maguire G, Mackie K, Lindsey J (1999b) Localization of cannabinoid 
CB1 receptors in the human anterior eye and retina. Invest Ophthalmol Vis Sci 40 (10):2442-
2448 
  xxxix 
Suárez J, Bermudez-Silva FJ, Mackie K, Ledent C, Zimmer A, Cravatt BF, de Fonseca 
FR (2008) Immunohistochemical description of the endogenous cannabinoid system in the rat 
cerebellum and functionally related nuclei. J Comp Neurol 509 (4):400-421. 
Tootell RB, Hamilton SL, Switkes E (1988) Functional anatomy of macaque striate 
cortex. IV. Contrast and magno-parvo streams. J Neurosci 8 (5):1594-1609 
Tsou K, Brown S, Sanudo-Pena MC, Mackie K, Walker JM (1998) 
Immunohistochemical distribution of cannabinoid CB1 receptors in the rat central nervous 
system. Neuroscience 83 (2):393-411 
Van Horn SC, Erisir A, Sherman SM (2000) Relative distribution of synapses in the A-
laminae of the lateral geniculate nucleus of the cat. J Comp Neurol 416 (4):509-520 
Viveros MP, de Fonseca FR, Bermudez-Silva FJ, McPartland JM (2008) Critical role 
of the endocannabinoid system in the regulation of food intake and energy metabolism, with 
phylogenetic, developmental, and pathophysiological implications. Endocrine, metabolic & 
immune disorders drug targets 8 (3):220-230 
Xu X, Ichida JM, Allison JD, Boyd JD, Bonds AB, Casagrande VA (2001) A 
comparison of koniocellular, magnocellular and parvocellular receptive field properties in the 
lateral geniculate nucleus of the owl monkey (Aotus trivirgatus). J Physiol 531 (Pt 1):203-218 
Zabouri N, Bouchard JF, Casanova C (2011) Cannabinoid receptor type 1 expression 
during postnatal development of the rat retina. J Comp Neurol 519 (7):1258-1280. 
  
  xl 
ANNEXE III : LISTE DES BOURSES ET PRIX QUE CES ARTICLES ONT PERMIS DE 
GAGNER. 
 
• Prix Bundesverband Auge e. V., Berlin, Germany, Octobre 2016 
• Bourse d’excellence de la FESP « J.A. DeSève », Novembre 2015 
• Bourse d’excellence de la FESP, Décembre 2014 
• Bourses d’études supérieures du Canada - Suppléments pour études à l'étranger 
Michael-Smith, Avril 2014 
• Trente-deuxième concours du prix Réseau de recherche en Santé de la vision 
(RRSV)/FRQ-S pour meilleur article (Article 2), 2013 
• Bouse d’études supérieures du Canada Banting et Best des IRSC - Bourse au 
doctorat, 2013 
• Bourse de recherche au doctorat du FRQ-S, 2012 
• Bourse du département des sciences biomédicales, 2012 
• Bourse d’excellence de l’École d’optométrie (ÉOUM/FESP), 2010 
• Bourse d’études supérieures du Canada Banting et Best des IRSC - Bourse à la 
maitrise, 2009 
• Bourse de doctorat du Groupe de recherche universitaire sur le médicament 
(GRUM), 2009 
• Bourse d’excellence de l’ÉOUM/FESP, 2009 
 
